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RE´SUME´
L’enjeu de cette the`se de doctorat est de mesurer les changements de parame`tres neuro-
vasculaires et les modifications de la re´ponse he´modynamique au cours du vieillissement chez
le rat. La re´ponse he´modynamique est le processus par lequel, suite a` une augmentation de
l’activite´ neuronale, il se produit une augmentation locale du de´bit sanguin pour suivre les
changements de l’activite´ me´tabolique venant de l’activite´ neuronale. La mesure de la re´ponse
he´modynamique est a` la base de l’imagerie fonctionnelle et permet de suivre de fac¸on indi-
recte les changements d’activite´ neuronale a` travers le couplage neurovasculaire. Toutefois,
de nombreuses proprie´te´s physiologiques du cerveau (de´bit, volume sanguin, compliance des
vaisseaux, densite´ vasculaire, etc.) peuvent eˆtre modifie´es au cours du vieillissement et affec-
ter le couplage neurovasculaire. Cette the`se vise donc a` mieux comprendre les changements
de couplage neurovasculaire au cours du vieillissement et leur effet sur les mesures obtenues
en imagerie fonctionnelle.
Dans le cadre de cette the`se, les changements de re´ponse he´modynamique ont e´te´ mesu-
re´s a` l’aide d’un syste`me d’imagerie optique intrinse`que(IOI) de´veloppe´ au laboratoire. Cette
technique re´cente d’imagerie ce´re´brale se base sur les proprie´te´s d’absorption de la lumie`re
visible dans le cortex. La technique a une tre`s bonne re´solution spatiale et une faible pro-
fondeur de pe´ne´tration ce qui en fait une technique tre`s bien adapte´e a` l’e´tude chez le rat.
En IOI, la lumie`re visible illumine le cortex et voyage dans la couche superficielle du cerveau
avant d’eˆtre re´fle´chie a` la surface du cortex et mesure´e a` l’aide d’une came´ra CCD. Lors de sa
propagation a` travers le cortex, une partie de la lumie`re est absorbe´e par les deux principaux
chromophores pre´sents (l’he´moglobine et la de´oxyhe´moglobine). Ainsi, les changements de
concentration d’un chromophore peuvent eˆtre de´termine´s a` travers des changements d’in-
tensite´ lumineuse. Ce qui permet ensuite d’e´tudier les concentrations de sang oxyge´ne´ et
de´soxyge´ne´. En plus des mesures d’IOI, le syste`me mesure simultane´ment les changements
de de´bit sanguin a` travers une mesure par granularite´ laser.
La premie`re partie des re´sultats mesure les changements de la re´ponse he´modynamique
au cours du vieillissement. Les principales observations consistent en une diminution de l’am-
plitude de la re´ponse he´modynamique et une augmentation du temps d’activation de la
re´ponse he´modynamique en fonction de l’aˆge. On observa aussi des changements spatiaux de
la re´ponse he´modynamique. Ainsi, l’amplitude de la re´ponse he´modynamique diminue plus
lentement en fonction du vieillissement du coˆte´ ipsilate´ral a` la stimulation par rapport au
coˆte´ contralate´ral.
La deuxie`me partie des travaux e´tudie le couplage neurovasculaire a` l’aide de trois mode`les
vbiophysiques distincts. Les trois mode`les biophysiques permettent de reproduire les diffe´rentes
formes de re´ponse he´modynamique pre´sentes dans nos diverses populations de rats. Une
comparaison des mode`les par log e´vidence n’a pas permis de trouver de diffe´rence significative
entre les performances des trois mode`les biophysiques. Toutefois, le mode`le Boas-Huppert que
nous avons de´veloppe´ montre un avantage par rapport aux autres mode`les puisqu’il permet de
retrouver certains parame`tres neurovasculaire au repos. Les travaux ont permis de confirmer
que les trois mode`les biophysiques permettent d’estimer les parame`tres neurovasculaires avec
assez de pre´cision pour effectuer des comparaisons de groupe. Tous trois ont ainsi montre´ une
diminution de la compliance des vaisseaux avec l’aˆge.
La troisie`me partie des travaux e´tudie un re´cent mode`le de de´convolution de la re´ponse
he´modynamique se basant sur les filtres de Kalman. Cette de´convolution permet d’estimer la
re´ponse neuronale sur des enregistrements en continu au lieu d’e´tudier les valeurs moyenne´es.
Les travaux montrent que la de´convolution de la re´ponse he´modynamique permet de bien
estimer l’activite´ neuronale lorsque cette activite´ est produite par une stimulation externe.
Lorsque l’on s’attarde seulement a` l’activite´ neuronale spontane´e (au repos), on observe que
l’activite´ neuronale corre`le faiblement avec l’activite´ neuronale mesure´e par e´lectrophysio-
logie. Ces re´sultats indiquent qu’il faut eˆtre prudent dans l’interpre´tation qui est faite de
l’activite´ neuronale spontane´e obtenue par de´convolution.
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ABSTRACT
The aim of this thesis is to measure changes in neurovascular parameters and in hemody-
namic response in aging rats. The hemodynamic response is the process by which, following
an increase of neuronal activity, the blood flow increase locally to follow the changes in
metabolic activity from neural activity. Measuring the hemodynamic response is the key
process of functional imaging and allows to monitor indirectly changes of neuronal activity
through the neurovascular coupling. However, many physiological properties in the brain
(flow, blood volume, vessel compliance, vascular density, etc.) may be modified during ag-
ing and affect neurovascular coupling. The thesis aims to better understand the changes in
neurovascular coupling during aging and their effect measurements obtained in functional
imaging.
In this work, changes in hemodynamic response were measured using an intrinsic optical
imaging system (IOI) developed in the laboratory. This recent imaging technique is based
on the absorption properties of the visible light in the cortex. The technique has a very good
spatial resolution and low depth of penetration which makes it well suited to study brain
activity in rats. In IOI, visible light illuminates the cortex and travels in the surface layer
of the brain before being reflected at the surface of the cortex and measured using a CCD
camera. In the journey through the cortex, a part of the light is absorbed by the two main
chromophores present (hemoglobin and deoxyhemoglobin). Thus, changes in chromophore
concentration can be determined through changes in light intensity. This allows to study the
concentrations of oxygenated blood and deoxygenated. In addition to measures of IOI, the
system simultaneously measures changes in blood flow through a laser speckle measurement
technique.
The first part of the results then shows the changes in the hemodynamic response during
aging. The main observations is that during aging we observe a decrease in the amplitude
of the hemodynamic response and an increase in the activation time of the hemodynamic
response. Age also produce changes of the hemodynamic response. Thus, the amplitude of
the hemodynamic response decreases more slowly as a function of aging on the side ipsilateral
to stimulation from the contralateral side.
The second part of the work studies neurovascular coupling using three different biophys-
ical models. The three biophysical models can reproduce the different types of hemodynamic
response found in our rats population. A comparison of models by log evidence did not
foound significative difference between the performance of the three models. However, the
model-Boas Huppert that we developed has an advantage of finding neurovascular resting
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state parameters. The work confirmed that the three biophysical models find neurovascular
parameters with enough precision to do group comparisons. All three models have shown a
decrease in compliance of vessels with age.
The third part of the work examines a recent model of deconvolution of the hemodynamic
response based on Kalman filters. This deconvolution is used to estimate the neuronal activity
for a complete recording sequence instead of working with averaged responses. The work
shows that the deconvolution of the hemodynamic response gives a good estimated of neural
activity when that activity is produced by external stimulation. When one focuses only on
the spontaneous neuronal activity (at rest), we find that neuronal activity correlated weakly
with neural activity measured by electrophysiology. This indicates that caution should be
exercised in the interpretation that is made of spontaneous neuronal activity obtained by
deconvolution.
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1CHAPITRE 1
CONTEXTE GE´NE´RAL
1.1 Introduction
Cette the`se a e´te´ effectue´e au de´partement de ge´nie e´lectrique de l’E´cole Polytechnique
de Montre´al sous la direction du professeur Fre´de´ric Lesage, de la codirection de Guylaine
Ferland, professeure au de´partement de nutrition de l’Universite´ de Montre´al, et de la codi-
rection d’E´ric Beaumont, chercheur au centre de recherche de l’Hoˆpital du Sacre´-Coeur de
Montre´al.
Le vieillissement a de nombreuses conse´quences ce´re´brales, tant du point de vue des mo-
difications des proprie´te´s physiques et chimiques que comportementales. Les effets les plus
marquants se trouvant dans les maladies de´ge´ne´ratives telles les maladies d’Alzheimer et
de Parkinson. Dans le cadre du vieillissement, on sait depuis plus de 70 ans que la restric-
tion calorique augmente l’espe´rance de vie maximale et moyenne chez le rat (Osborne et al.,
1917). Depuis ce temps, de nombreuses e´tudes ont montre´ que la restriction calorique en
plus d’augmenter l’espe´rance de vie re´duit les effets de la se´nescence (Masoro, 2005). Ainsi,
une alimentation avec restriction calorique (ou un jeuˆne intermittent) de meˆme qu’avec un
supple´ment de vitamine K (VK) ont des effets protecteurs en regard des alte´rations neuro-
cognitives associe´es a` la se´nescence. De nombreux mode`les de restriction calorique existent
chez le rat et d’autres animaux, et se basent habituellement sur une limitation de la quantite´
de nourriture offerte a` l’animal. Ces techniques ne sont pas ide´ales pour le bien-eˆtre de l’ani-
mal. Alternativement, une autre fac¸on d’e´tudier l’effet d’une faible consommation calorique
est d’utiliser le rat LOU comme mode`le animal. Le rat LOU, une de´rivation du Wistar, a une
faible consommation calorique naturelle et a une espe´rance de vie comparable aux rats sous
restriction calorique. Ses performances cognitives avec l’aˆge sont pre´serve´es (Kollen et al.,
2010) et il repre´sente donc un mode`le animal de vieillissement re´ussi.
Les changements physiologiques associe´s au vieillissement me`nent a` des pertes cognitives.
Les me´canismes sous-jacents sont encore mal compris et notre objectif est donc de mieux
comprendre comment le vieillissement agit sur le changement d’activite´ neuronale suite a`
une stimulation et comment le syste`me vasculaire ce´re´bral re´pond a` cette stimulation. Il est
donc pertinent d’avoir une technique permettant de suivre les changements neuronaux et
neurovasculaires au cours du vieillissement.
Parmi les techniques souvent employe´es pour mesurer les changements d’activite´ neuro-
2nale et vasculaire chez l’humain, on peut mentionner l’imagerie par re´sonance magne´tique
fonctionnelle (IRM-F) qui permet d’obtenir des cartes 2D et 3D d’activation ce´re´brale. Cette
technique se base sur des mesures des proprie´te´s magne´tiques et mesure principalement des
changements de de´oxyhe´moglobine. L’imagerie optique diffuse (IOD) est une technique base´e
sur l’absorption lumineuse. Elle mesure des changements de de´oxyhe´moglobine et d’oxyhe´mo-
globine mais posse`de une tre`s faible re´solution spatiale. Ces techniques mesurent des change-
ments he´modynamiques, et permettent de comparer l’activite´ neuronale si on fait l’hypothe`se
que l’activation neuronale produit une re´ponse he´modynamique qui est reproductible entre
diffe´rents individus. Les re´sultats des dernie`res anne´es montrent que l’aˆge produit entre autres
une diminution du volume veineux (Lynch et al., 1999) et du de´bit sanguin au repos (Ances
et al., 2009). On observe aussi une modification de la forme du signal de´pendant du niveau
d’oxyge´nation ce´re´brale (BOLD Blood-oxygen-level dependence) (Ances et al., 2009) et une
plus grande variabilite´ de la re´ponse BOLD avec l’aˆge (D’Esposito et al., 1999). Ainsi, pour
comparer l’activite´ neuronale, a` travers le signal BOLD de deux populations d’aˆges diffe´rents,
les changements de proprie´te´s physiologiques doivent eˆtre bien connus et pris en conside´ration
sous peine de produire des erreurs d’interpre´tation des mesures d’IRM.
Une autre technique souvent utilise´e est l’imagerie optique intrinse`que (IOI). Cette tech-
nique, graˆce a` de bonnes re´solutions spatiale et temporelle, permet des mesures de de´bit
sanguin, d’oxyhe´moglobine et de de´oxyhe´moglobine au prix d’une faible profondeur de pe´ne´-
tration (environ 1 mm). L’IOI requiert donc d’imager a` cerveau ouvert et est bien adapte´e
a` la recherche sur de petits animaux. Elle permet d’observer, a` l’aide de plus de marqueurs
que l’IRM-f et l’IOD, les diffe´rents changements neurovasculaires lie´s au vieillissement. L’hy-
pothe`se ge´ne´rale de recherche de ces travaux est que l’utilisation de plusieurs marqueurs vas-
culaires me`nera a` une meilleure compre´hension des changements neurovasculaires au cours
du vieillissement et pourrait aider a` interpre´ter les re´sultats obtenus par des techniques non-
invasives chez l’humain.
L’objectif de la recherche est d’observer par IOI les changements vasculaires lie´s au vieillis-
sement dans plusieurs mode`les de vieillissement et d’en extraire des marqueurs quantitatifs
permettant de de´terminer les effets ce´re´bro-vasculaires de la se´nescence et l’influence des
modifications alimentaires sur ces derniers.
1.2 Bre`ve revue de la litte´rature
1.2.1 Vieillissement et dynamique neurovasculaire
De nombreuses e´tudes ont de´montre´ des de´gradations de la structure et du fonctionnement
ce´re´bral suite au vieillissement. Ces de´gradations se produisent simultane´ment a` une diminu-
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telles l’Alzheimer (de la Torre, 2000; Girouard and Iadecola, 2006). Du point de vue neuro-
nal, contrairement a` la croyance populaire, de re´centes e´tudes montrent que le nombre de
neurones demeure constant avec l’aˆge (Rasmussen et al., 1996; Grill and Riddle, 2002). Mal-
gre´ cela, d’autres e´tudes montrent une re´duction de la densite´ synaptique (Grill and Riddle,
2002; Riddle et al., 2003) et un de´clin de la synthe`se et du relaˆchement de neurotransmet-
teurs (Lynch et al., 1999) au cours du vieillissement. Ces alte´rations auraient une influence
directe sur le de´clin des performances cognitives. Des e´tudes utilisant la tomographie par
e´mission de positrons (PET) ont montre´ une diminution de l’activite´ me´tabolique (CMRO2,
cerebral metabolic rate of oxygen) et du DSC avec l’aˆge (Yamaguchi et al., 1986; Takada et al.,
1992; Marchal et al., 1992). L’origine de ces diminutions est toutefois incertaine (Bentourkia
et al., 2000; Tumeh et al., 2007). Une premie`re hypothe`se (neuronale) veut qu’une diminu-
tion de l’activite´ neuronale au cours du vieillissement produise une diminution de l’activite´
me´tabolique et de la consommation d’e´nergie entraˆınant une diminution de la densite´ ca-
pillaire (Argandona and Lafuente, 2000). L’hypothe`se vasculaire est toutefois plus commune
et suppose que le de´clin des performances cognitives est le produit d’alte´rations vasculaires.
Dans cette hypothe`se, les proble`mes de circulation ame`nent une diminution de l’apport en
oxyge`ne et des performances cognitives (Cada et al., 2000) et augmentent les risques de
maladies neurode´ge´ne´ratives telles l’Alzheimer (Ajmani et al., 2000; Crawford, 1998). Expe´-
rimentalement, une diminution de DSC, induite par des occlusions des carotides, provoque
une diminution de l’activite´ ce´re´brale, des dommages neuro-me´taboliques, des modifications
du comportement (Cada et al., 2000) et augmente les risques de scle´rose en empeˆchant la
dilatation des arte`res (He et al., 1997). En plus de changer le de´bit ce´re´bral de base (Ajmani
et al., 2000), l’aˆge diminue la re´activite´ des vaisseaux a` l’hypercapnie (Gatto et al., 2007) ou
a` une demande neuronale produite par des stimulations e´lectriques (Sorond et al., 2008) ou
visuelles (Niehaus et al., 2001; Ances et al., 2010).
L’origine du changement de DSC avec l’aˆge peut s’expliquer par une augmentation de la
pression sanguine ce´re´brale, de la densite´ capillaire (Zoccoli et al., 2000; Farkas and Luiten,
2001; Riddle et al., 2003; Farkas et al., 2006; Sen et al., 2007) et du nombre d’arte´rioles (Sonn-
tag et al., 1997). L’aˆge modifie aussi la concentration de plusieurs substances implique´es
dans le controˆle du DSC (BaCl2, ade´nosine, bradikinine, nicotine, se´rotonine, ace´tylcholine),
pour une revue de´taille´e, voir Riddle et al. (2003). L’aˆge semble aussi changer les proprie´-
te´s physiques des arte´rioles : 1) en augmentant l’e´paisseur de la me´dia, 2) en augmentant
la proportion de mate´riaux faiblement e´lastiques tel le collage`ne par rapport aux mate´riaux
plus e´lastiques(muscle lisse, e´lastine) et 3) en changeant les proprie´te´s physiques(compliance,
diame`tre) des arte´rioles (Moody et al., 1997; Moreau et al., 1998; Matz et al., 2000; Riddle
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pothe`se que la diminution de la capacite´ ce´re´brale proviendrait d’une incapacite´ du cerveau
a` produire de nouveaux vaisseaux avec l’aˆge ou d’une diminution par les capillaires de fac-
teurs neurotrophiques supportant les fonctions et la structure neuronale (Sonntag et al., 1997;
Lynch et al., 1999).
L’aˆge a donc une influence marque´e sur plusieurs processus implique´s dans la re´ponse neu-
rovasculaire. Pour mesurer l’activite´ neuronale graˆce a` la re´ponse he´modynamique il faut eˆtre
en mesure de de´terminer : 1) Comment la densite´ des arte´rioles et des capillaires diminue avec
l’aˆge et comment leur morphologie change avec l’aˆge. 2) Comment ces alte´rations modifient
la re´ponse he´modynamique au cours du vieillissement. La re´ponse a` ces questions permettra
de mieux interpre´ter les mesures d’activite´ neuronale obtenues a` travers l’enregistrement de
la re´ponse he´modynamique.
1.2.1.1 Restriction calorique
Effectue´es depuis le de´but du 20e sie`cle, les premie`res e´tudes sur la restriction calorique ont
montre´ qu’elle permet de retarder les effets du vieillissement. La restriction calorique (RC),
qui consiste en une diminution de l’apport calorique de 40% par rapport a` une alimentation
ad libidum (AL) tout en offrant la meˆme quantite´ de vitamines et mine´raux, produit des effets
be´ne´fiques a` travers une diminution du nombre de calories et non a` travers une diminution
d’une substance particulie`re (Masoro, 2005). Les rats soumis a` une RC maintiennent un poids
plus faible, ont une espe´rance de vie moyenne et maximale plus longue et un retard des effets
de la se´nescence (Yu, 1996; Masoro, 2005). La RC augmente la variabilite´ du rythme cardiaque
(indicateur de la sante´ cardio-vasculaire), diminue la pression sanguine (Mattson and Wan,
2005) et produit une plus faible sensibilite´ au stress oxydatif (Lee and Yu, 1990; Leenders
et al., 1990; Sohal and Weindruch, 1996; Yu, 1996; Masoro, 2005). Les rats sous RC ont aussi
une plus grande sensibilite´ a` l’insuline ce qui provoque une diminution des concentrations
de glucose et d’insuline sanguine et une plus grande tole´rance au glucose (Masoro et al.,
1992; Anson et al., 2003; Heilbronn and Ravussin, 2003). D’un point de vue cognitif, les rats
sous RC ont une meilleure me´moire, de meilleures performances cognitives et ont une moins
grande susceptibilite´ au stress (Mattson et al., 2002). Du point de vue ce´re´brovasculaire, les
rats sous RC subissent une plus faible diminution de la densite´ capillaire que les rats AL
du meˆme aˆge (Lynch et al., 1999) ; cela entraˆınerait un plus grand de´bit sanguin de base
chez les rats RC par rapport aux rats AL (Lynch et al., 1999). De plus, la RC ame´liore les
proprie´te´s angioge´niques et vasoprotectrices des arte`res par rapport a` une alimentation AL
probablement par une re´duction du stress oxydatif sur les arte`res (Guo et al., 2002; Facchetti
et al., 2007; Ungvari et al., 2008). Un re´gime consistant en une re´duction de la fre´quence
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2003; Mattson and Wan, 2005). L’explication la plus courante des be´ne´fices associe´s a` la RC
provient du stress oxydatif. La RC, a` travers une diminution ge´ne´rale du me´tabolisme et de
la consommation d’oxyge`ne (Ferguson et al., 2007), re´duirait la production de radicaux libres
dans les mitochondries et les dommages qui y sont associe´s (Sohal and Weindruch, 1996;
Heilbronn and Ravussin, 2003).
1.2.1.2 Rat LOU
La RC demeure toutefois un re´gime alimentaire impose´ ou` les animaux sont en manque
constant de nourriture. Les rats sont constamment affame´s, ont une tendance a` l’hyper-
phagie lorsque de la nourriture est pre´sente´e (Seidel et al., 2006), ont un niveau d’activite´
diffe´rent (Thanos et al., 2008) et ont des re´ponses neurales diffe´rentes face a` un stimuli
de nourriture (Thanos et al., 2008). Ces facteurs peuvent produire un biais important lors
de l’analyse des re´sultats puisqu’il est difficile de de´terminer si un meˆme stimuli produit une
meˆme re´ponse ce´re´brale. Dans ce cas, il est inte´ressant d’e´tudier des rats qui sont connus pour
leur pre´disposition a` une faible consommation calorique, ce qui est le cas des rats LOU/C/RQRV
provenant d’une sous-colonie de la colonie LOU/C (Inbred albino Louvain). Ces rats ont un
plus faible apport calorique naturel produisant des effets tre`s semblables a` ceux produits par
la RC chez des rats normaux. Le faible apport calorique se traduit par une plus grande sensi-
bilite´ a` l’insuline (Perrin et al., 2003; Veyrat-Durebex et al., 2009), une plus faible masse, une
plus grande longe´vite´ (Alliot et al., 2002; Veyrat-Durebex et al., 2009), une plus faible perte
osseuse (Duque et al., 2009), une plus faible incidence des maladies associe´es au vieillissement
et des performances cognitives ame´liore´es par rapport aux rats Wistar de meˆme aˆge (Kollen
et al., 2010). Les rats LOU/C sont donc conside´re´s comme un mode`le de vieillissement re´ussi.
A` notre connaissance, une e´tude a permis d’observer le capacite´ ventilatoire des rats LOU/C
avec l’aˆge (Soulage et al., 2004), mais aucune e´tude n’a encore e´te´ effectue´e sur la re´ponse
he´modynamique ou neuronale de ce mode`le de vieillissement re´ussi.
1.2.2 Mesure de la re´ponse he´modynamique
Durant la re´ponse he´modynamique, suite a` une augmentation de l’activite´ neuronale,
les arte´rioles se dilatent et produisent une augmentation du de´bit sanguin arte´riel (a` forte
concentration en sang oxyge´ne´, HbO). Cette dernie`re entraˆıne une augmentation du volume
sanguin total et une diminution de la concentration de sang de´soxyge´ne´ (HbR) par dilution.
Cette re´ponse he´modynamique permet de renouveler les substances utilise´es lors de l’activite´
neuronale. Puisque les changements de la re´ponse he´modynamique sont plus faciles a` mesurer
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dernie`re a` travers les changements he´modynamiques observe´s. En 1986, Fox and Raichle
(1986) ont montre´ qu’il existe une forte corre´lation entre le DSC au repos et le CMRO2.
Toutefois, sous stimulation, ils ont aussi montre´ que l’augmentation du DSC (29%) e´tait
beaucoup plus importante que l’augmentation du CMRO2 (5%), indiquant un couplage non
line´aire entre l’activite´ neuronale et le de´bit sanguin.
1.2.2.1 IRM
L’IRM-f est utilise´e depuis plusieurs anne´es pour observer l’activite´ neuronale en mesurant
la localisation de la re´ponse he´modynamique par une mesure non-invasive. L’ASL (Arterial
spin labelling) permet de suivre directement le de´placement des mole´cules (sang) tandis que
la mesure BOLD se base sur le signal qui est principalement produit par des changements
de concentration locale de de´oxyhe´moglobine (HbR). L’IRM-f suppose un couplage e´troit
entre l’activite´ neuronale, l’activite´ me´tabolique et la re´ponse he´modynamique, mais plusieurs
facteurs peuvent affecter ce couplage (pour une revue voir Gsell et al. (2000) et Heeger
and Ress (2002)). Aguirre et al. (1998) a montre´ que le signal BOLD e´tait semblable pour
un individu image´ a` plusieurs journe´es d’intervalle, mais variait sensiblement entre deux
individus. Les changements de DSC suite a` l’activation neuronale semblent aussi eˆtre affecte´s
par le DSC au repos (Ances et al., 2001).
Chez les personnes aˆge´es, suite a` des stimulations somato-sensorielles, la taille des re´gions
ou` de l’activite´ neuronale a pu eˆtre de´tecte´e e´tait 4 fois plus petites que chez les jeunes, le rap-
port signal bruit RSB des personnes aˆge´es e´tait plus e´leve´ et la variabilite´ entre les individus
e´tait plus grande que chez les jeunes (D’Esposito et al., 1999). Ances et al. (2009) a mesure´
une diminution DSC de base et de la re´ponse BOLD avec l’aˆge, pourtant les changements en
pourcentage de CMRO2 et de DSC sous stimulation sont identiques chez les personnes jeunes
et aˆge´es, ce qui indique que la re´ponse BOLD est affecte´e par le DSC au repos. Restom et al.
(2007) obtient des re´sultats similaires mais mesure une augmentation du DSC (en pourcen-
tage) en fonction de l’aˆge. On a aussi observe´ que lors de stimulations nerveuses, le signal
BOLD retourne a` la normale plus lentement chez les sujets vieux que chez les jeunes (Richter
and Richter, 2003) et que le lieu d’activation de la re´ponse BOLD est de´place´ en fonction de
l’aˆge (Raemaekers et al., 2006).
Ainsi, de nombreux facteurs (de´bit de base, densite´ vasculaire, re´activite´ vasculaire, mo-
difications de neurotransmetteurs etc.) implique´s dans la re´ponse BOLD peuvent interfe´rer
dans l’interpre´tation des mesures BOLD effectue´es chez des populations d’aˆges diffe´rents (voir
les revues de D’Esposito et al. (2003) et Iadecola (2004)).
71.2.2.2 Imagerie optique
Deux modalite´s d’imagerie optique, l’imagerie optique diffuse (IOD) et l’imagerie optique
intrinse`que (IOI) mesurent aussi les changements d’activite´ neuronale a` travers les change-
ments de concentration dans le sang. Toutefois, le signal, au lieu de se baser sur l’aimantation
des mole´cules de de´oxyhe´moglobine comme dans la re´ponse BOLD, se base sur les proprie´te´s
d’absorption de la lumie`re des mole´cules d’oxyhe´moglobine (HbO) et de de´oxyhe´moglobine
(HbR).
L’IOD, mesure les changements d’intensite´ de la lumie`re infrarouge en transmission. Sa
grande profondeur de pe´ne´tration est utile pour les enregistrements chez l’humain. Elle a
permis entre autres de mesurer l’oxyge´nation dans le cerveau d’enfants ne´onataux (Durduran
et al., 2004a) et de quantifier les changements he´modynamiques chez des sujet ayant subi des
le´sions ce´re´brales (Palmer et al., 2010) et des accidents ce´re´brovasculaires (Kato et al., 2002).
L’IOI mesure les changements d’intensite´ de la lumie`re visible. La faible profondeur de
pe´ne´tration de ces longueurs d’onde oblige a` mesurer l’intensite´ lumineuse re´fle´chie par le cer-
veau. On utilise donc principalement cette technique sur les petits animaux. L’illumination du
cerveau avec plusieurs longueurs d’onde permet de mesurer les changements de concentration
des mole´cules d’oxy et de de´oxyhe´moglobine.
1.2.2.3 Mesure du de´bit a` l’aide de l’optique
Les premie`res utilisations du laser pour mesurer le DSC ont utilise´ l’effet Doppler. Ainsi,
les premie`res e´tudes ont montre´ une diminution du de´bit DSC dans l’arte`re ce´re´brale moyenne
chez l’humain et l’arte`re ce´re´brale ante´rieure avec l’aˆge (Lipsitz et al., 2000; Sorond et al.,
2008). Comme la technique par effet Doppler mesure le de´bit dans la direction du laser,
elle permet de trouver le DSC dans les grosses arte`res a` l’aide des mesures de vitesse et de
diame`tre des arte`res(Ajmani et al., 2000). La mesure a toutefois une faible re´solution spatiale
et n’est pas approprie´e pour quantifier le de´bit dans les capillaires puisque le mouvement est
multidirectionnel.
L’imagerie par granularite´ laser se base sur les travaux the´oriques de Fercher and Briers
(1981) (Briers, 2001) et permet aussi de mesurer les changements de de´bit sanguin. Dans
le cadre du vieillissement, la technique a permis d’observer une diminution du de´bit suite
a` de l’hypoxe´mie ou a` des stimulations des moustaches sur un mode`le de souris atteintes
d’Alzheimer (Shin et al., 2007). L’imagerie par granularite´ laser a aussi servi pour mesurer
les changements de de´bits ce´re´braux suite a` des occlusions de l’arte`re sylvienne (Ayata et al.,
2004; Shin et al., 2008; Luckl et al., 2008). La technique a l’avantage de ne´cessiter tre`s peu
d’appareillage, elle permet d’obtenir des cartes 2D des changements de de´bit et peut se faire
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recaler des images provenant de diffe´rents syste`mes d’imagerie.
Depuis une dizaine d’anne´e, on utilise l’IOI en combinaison avec des mesures de de´bit
pour mesurer diffe´rentes composantes de la re´ponse he´modynamique simultane´ment (Jones
et al., 2001; Culver et al., 2003; Durduran et al., 2004b). La technique a entre autres permis
de quantifier les changements produits par des le´sions de la moelle (Lesage et al., 2009),
de mesurer les changements de consommation d’oxyge`ne (Mayhew et al., 2000; Jones et al.,
2002; Dunn et al., 2005) et l’effet de l’ische´mie ce´re´brale (Jones et al., 2008; Luckl et al.,
2010).
1.2.3 Mode´lisation
En 1974, Grubb et al. (1974) ont effectue´ des mesures de de´bit sanguin ce´re´bral et de
volume sanguin ce´re´bral dans le cortex de singe a` l’aide de traceurs radioactifs et ont mis en
e´quation la dynamique entre le de´bit sanguin ce´re´bral et le volume sanguin ce´re´bral (VSC)
dans un e´tat semi-statique. Plus re´cemment, de nouveaux mode`les permettant de mode´liser
le lien entre l’activite´ neuronale, l’activite´ me´tabolique et la re´ponse he´modynamique ont e´te´
de´veloppe´s. En 1997, Buxton and Frank (1997) ont de´veloppe´ un mode`le de la dynamique
neurovasculaire introduisant un couplage direct entre l’activite´ me´tabolique et le DSC. Un an
plus tard, Buxton et al. (1998) ont ame´liore´ le mode`le du ballon (balloon model) en introdui-
sant un mode`le biome´canique dans lequel les changements de volume ne sont pas directement
relie´s aux changements de de´bit, ce qui permet de mode´liser les phe´nome`nes transitoires ob-
serve´s en IRM-f. Le mode`le fut ensuite comple´te´ par Mandeville et al. (1999) dans le mode`le
de Windkessel qui explique les changements physiologiques observe´s en faisant appel a` la
re´sistance et a` la compliance vasculaire. Les mode`les plus re´cents (Kocsis et al., 2006; Hup-
pert et al., 2007; Zheng et al., 2005) conside`rent maintenant se´pare´ment les contributions
des diffe´rents compartiments vasculaires (arte´riel, vasculaire et capillaire) a` l’oxyge´nation, au
de´bit et au volume ce´re´bral, ce qui permet de reproduire avec encore plus d’exactitude les
enregistrements expe´rimentaux.
1.3 Objectifs
Objectif 1 : Mesurer les changements he´modynamiques avec l’aˆge sur un mode`le re´ussi
de vieillissement chez le rat a` l’aide d’IOI.
Proble´matique : Le vieillissement peut modifier plusieurs proprie´te´s du cerveau ayant
un effet sur la re´ponse he´modynamique. Toutefois, ces changements de re´ponse he´mo-
dynamique ne sont pas encore bien connus lors du vieillissement.
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LOU/C/RQRV et il est possible de mesurer ces effets (diminution de l’amplitude
de la re´ponse, augmentation du temps de re´ponse, changement de la forme de la
re´ponse he´modynamique et modification diffe´rente des courbes d’HbO, HbR et
DSC en fonction de l’aˆge) a` travers des changements de re´ponse he´modynamique
a` l’aide de l’IOI.
Justification de l’originalite´ : De nombreuses e´tudes ont mesure´ les changements he´-
modynamiques ce´re´braux chez le rat a` l’aide d’IOI. Toutefois, ces e´tudes sont
habituellement limite´es a` un seul groupe d’aˆge ou a` un nombre limite´ d’animaux.
Objectif spe´cifique #1 : De´velopper un syste`me d’enregistrement permettant :
– d’enregistrer avec une vitesse d’acquisition suffisante les enregistrements d’imagerie
optique intrinse`que et les mesures de granularite´ laser ;
– de produire une grande varie´te´ de stimulations e´lectriques ;
– d’effectuer des mesures simultane´es d’activite´ neuronale dans le cerveau ;
– de mesurer diffe´rents parame`tres physiologiques.
Objectif spe´cifique #2 : De´velopper une bonne expertise dans l’enregistrement par
IOI chez le rat. Pour eˆtre en mesure de comparer nos diffe´rentes populations de
rats, il est important d’avoir des enregistrements ou` les fluctuations physiologiques
de la re´ponse he´modynamique sont les plus faibles possible. De plus, malgre´ la
grande disparite´ des rats par rapport a` la taille et a` l’activite´ me´tabolique en
fonction de l’aˆge, nous voulons avoir des rats dans les conditions les plus semblables
possible.
Objectif spe´cifique #3 : De´velopper un logiciel de traitement sous Matlab c© per-
mettant d’analyser les enregistrements effectue´s.
L’analyse et le traitement des diffe´rentes re´ponses he´modynamiques chez le rat LOU/C/RQRV
a` diffe´rents stades du vieillissement nous permettra de quantifier ces changements he´mody-
namiques.
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Objectif 2 : E´tudier l’effet du vieillissement sur des marqueurs neurovasculaires obtenus a`
l’aide d’un mode`le biome´canique permettant de reproduire la re´ponse he´modynamique
mesure´e chez les rats a` partir des techniques d’IOI et de granularite´ laser.
Proble´matique : De nombreux mode`les biome´caniques peuvent eˆtre utilise´s pour repro-
duire les changements de re´ponse he´modynamique suite au vieillissement. Toute-
fois, dans ces mode`les, les erreurs d’estimations n’ont pas e´te´ quantifie´es, si bien
qu’il n’est pas actuellement possible de savoir si les mode`les biome´caniques peuvent
extraire de fac¸on pre´cise des parame`tres he´modynamiques. De plus, il existe peu
d’enregistrements de re´ponse he´modynamique a` diffe´rents stades du vieillissement
pour pouvoir valider l’utilisation des mode`les biome´caniques.
Hypothe`se : Les proprie´te´s neurovasculaires diffe`rent chez des populations de rats
d’aˆges diffe´rents et la mode´lisation de la re´ponse he´modynamique des donne´es
d’IOI permet d’extraire et d’observer les changements he´modynamiques. Plus spe´-
cifiquement, on s’attend a` ce que l’aˆge produise une diminution de la compliance,
une diminution du CMRO2 au repos, une augmentation du temps de transit du
sang dans la re´gion d’inte´reˆt et une diminution de l’activite´ neuronale.
Justification de l’originalite´ : Les mode`les biome´caniques de la re´ponse he´modyna-
mique ont e´te´ utilise´s pour reproduire des mesures dans des populations normales.
Toutefois, ces mode`les pourraient eˆtre utilise´s pour quantifier des proprie´te´s he´-
modynamiques et comparer des populations d’aˆges diffe´rents.
Objectif spe´cifique #1 : De´velopper une mode´lisation permettant de comparer de
fac¸on quantitative diffe´rents mode`les dynamiques de la re´ponse he´modynamique.
Objectif spe´cifique #2 : De´velopper un mode`le mathe´matique, base´ sur les travaux
de Boas-Huppert, permettant de retrouver des mesures au repos et une mesure de
consommation d’oxyge`ne.
Objectif spe´cifique #3 : Suivre les modifications de parame`tres neurovasculaires
(compliance des vaisseaux, CMRO2, variation de de´bit) durant le vieillissement
du rat LOU/C/RQRV.
Une fois les mode`les mathe´matiques en place, ceux-ci seront utilise´s pour :
– extraire des marqueurs neurovasculaire chez le rat LOU/C/RQRV ;
– de´terminer si ces marqueurs peuvent eˆtre de´termine´s avec une bonne pre´cision ;
– de´terminer si ces marqueurs sont affecte´s par le vieillissement.
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Publication relie´es
1. Dubeau, S., Desjardins, M., Pouliot, P., Beaumont, E., Gaudreau, P., Ferland, G.,
Lesage, F., 2011. Biophysical model estimation of neurovascular parameters in a rat
model of healthy aging. NeuroImage 57, 1480-1491.
Objectif 3 : Comparer le couplage neurovasculaire lors de l’activite´ neuronale stimule´e et
spontane´e.
Proble´matique : L’e´tude de la re´ponse he´modynamique au repos est de plus en plus
utilise´e dans le but de de´terminer les re´seaux neuronaux pre´sents dans le cer-
veau. L’e´tude de la connectivite´ de la re´ponse he´modynamique (de´lais entre deux
re´gions) permet d’infe´rer des liens d’activite´ neuronale entre deux re´gions du cer-
veau. Toutefois, cette technique fait l’hypothe`se qu’il y a un couplage entre l’acti-
vite´ neuronale au repos et la re´ponse he´modynamique, ce qui n’a pas e´te´ de´montre´.
Hypothe`ses : La de´convolution he´modynamique permet de retrouver l’activite´ neu-
ronale stimule´ et l’activite´ neuronale spontane´e. L’activite´ neuronale spontane´e et
l’activite´ neuronale stimule´e ayant des origines diffe´rentes, les deux types d’activite´
n’ont pas le meˆme couplage neurovasculaire.
Justification de l’originalite´ : La possibilite´ de retrouver l’activite´ neuronale sponta-
ne´e a` partir de la de´convolution de la re´ponse he´modynamique n’a pas encore e´te´
de´montre´e. Le code de de´convolution de´veloppe´ par Martin Havlocek bien que
performant sur des donne´es the´orique n’a pas e´te´ valide´ sur des donne´es expe´rie-
mentales.
Objectif spe´cifique #1 : Adapter le code de de´convolution he´modynamique de´ve-
loppe´ par Martin Havlicek(Havlicek et al., 2010, 2011) pour traiter les donne´es
d’IOI.
Objectif spe´cifique #2 : De´velopper des me´triques spe´cifiques permettant de com-
parer l’activite´ neuronale reconstruite a` l’aide de la re´ponse he´modynamique et
les mesures de l’activite´ neuronale par e´lectrophysiologie.
Objectif spe´cifique #3 : De´terminer les modifications de l’activite´ neuronale spon-
tane´e durant le vieillissement.
Publications relie´es
1. Dubeau S., Havlicek M., Beaumont E., Ferland G., Lesage, F., Pouliot P., 2011. Does
neurovascular deconvolution reflect the true neuronal inputs ? Soumis a` NeuroImage,
12 Aouˆt 2011
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CHAPITRE 2
The´orie physiologie
2.1 Introduction
Dans le cerveau, plusieurs me´canismes de controˆle sont pre´sents pour conserver un ap-
port continu en oxyge`ne et en nutriments et pour e´vacuer les de´chets produits par l’activite´
neuronale. Suite a` une stimulation (sensorielle, visuelle, ce´re´brale), une se´rie de me´canismes
impliquant plusieurs syste`mes biologiques entreront en jeu pour former la re´ponse neurovas-
culaire.
Les changements d’activite´ neuronale ame`nent une dilatation des arte´rioles, ce qui produit
une augmentation locale du de´bit arte´riel, une augmentation de la concentration de HbO et
une augmentation graduelle du volume local (HbT) dans l’environnement micro-vasculaire (a`
l’image d’un ballon e´lastique qui se gonfle), ce qui a aussi pour effet d’augmenter la concen-
tration de sang de´soxyge´ne´. Simultane´ment a` ces changements de de´bit, l’activite´ neuronale
produite augmente la concentration de neurotransmetteurs dans l’espace extracellulaire, ainsi
que l’activite´ des astrocytes (implique´s entre autres dans la recapture des neurotransmetteurs
libe´re´s) et la consommation d’oxyge`ne (CMRO2) et de glucose (CMRGlu). Ces mole´cules se-
ront extraites du sang en passant a` travers la paroi capillaire transformant le sang oxyge´ne´ en
sang de´soxyge´ne´ . L’effet combine´ de l’augmentation initiale du volume local et l’augmenta-
tion de CMRO2 augmente la concentration initiale de HbR (figure2.1) dans ce qui est appele´
l’initial dip, mais ce sujet reste controverse´ puisque cette augmentation n’est pas observe´e
dans toutes les e´tudes (Buxton, 2001; Thomsen et al., 2004).
Finalement, l’augmentation graduelle du volume local augmente le flux veineux sortant
du ballon. Comme l’augmentation de flux sanguin est plus importante que l’augmentation de
CMRO2 et de CMRGlu, le HbR est nettoye´ par le flux sanguin entrant, ce qui a pour effet
de faire diminuer la concentration de HbR.
Il existe une litte´rature importante de´crivant la longue cascade d’e´ve`nements a` partir de
l’activation d’un neurone (section 2.2) et la re´ponse vasculaire (section 2) jusqu’aux mesures
macroscopiques pouvant eˆtre effectue´es par les diffe´rentes techniques d’imagerie. La pre´sente
revue est construite afin de survoler les diffe´rents aspects implique´s dans cette longue chaˆıne
d’e´ve`nements en s’attardant principalement aux proprie´te´s affecte´es par le vieillissement.
compte tenu de l’aspect tre`s sommaire de cette revue, le lecteur est encourage´ a` poursuivre
sa lecture a` travers les diffe´rents textes pre´sente´s en re´fe´rence.
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Figure 2.1: Exemple de re´ponse he´modynamique mesure´e dans le cortex sensorimoteur suite a` une
stimulation de la patte
2.2 Re´ponse neuronale
L’influx nerveux est produit a` travers les potentiels d’actions (PA) des neurones. Dans
ces derniers, un changement des flux ioniques dans la membrane cellulaire produit le PA
et entraine le relaˆchement de neurotransmetteurs dans l’espace synaptique (figure 2.2) pour
pouvoir stimuler un autre neurone. Pour re´tablir les concentrations ioniques et de neurotrans-
metteurs, le cerveau utilise de l’e´nergie obtenue principalement par l’oxydation du glucose.
Ce me´canisme consomme du glucose et de l’oxyge`ne et produit du CO2 (ayant un effet va-
sodilatateur). Les nombreux me´canismes en jeu dans la consommation ce´re´brale d’oxyge`ne
ne seront pas couverts ici, mais le lecteur est invite´ a` consulter la revue de Magistretti and
Pellerin (1999) sur le sujet.
2.2.1 Facteurs implique´s dans le couplage neurovasculaire
2.2.1.1 Ions
Parmi tous les ions libe´re´s lors d’un potentiel d’action, les ions H+, K+ et Ca2+ sont
reconnus pour avoir un effet vasodilatateur. L’augmentation du K+ extracellulaire jusqu’a`
8–10 mM produit une dilatation sur les mode`les in vitro et in vivo (Kuschinsky et al., 1972;
Nguyen et al., 2000; Girouard et al., 2010). Plus re´cemment, Girouard et al. (2010) ont montre´
que des concentrations diffe´rentes de Ca2+ agissaient sur les canaux K+ sensibles au calcium
et qu’une augmentation de la concentration de Ca2+ transformait un effet vasodilatateur en
effet vasoconstricteur. De plus, l’augmentation du Ca2+ produit une augmentation du NO,
un vasodilatateur important (Park et al., 2007).
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2.2.1.2 Voie me´tabolique
L’augmentation de l’activite´ neuronale augmente l’activite´ me´tabolique produisant une
augmentation de la consommation de glucose de fac¸on non-oxydative entraˆınant la production
de lactate et l’augmentation de la concentration d’ions H+ et la vasodilatation (Pellerin et al.,
1998). L’augmentation de l’activite´ me´tabolique entraine une augmentation de la de´gradation
de l’ATP qui produit de l’ade´nosine, un vasodilatateur connu (Li and Iadecola, 1994).
2.2.1.3 Astrocytes
Les e´tudes re´centes proposent que les astrocytes seraient un interme´diaire important dans
le couplage neurovasculaire (Haydon and Carmignoto, 2006; Iadecola and Nedergaard, 2007).
Les astrocytes, qui sont environ 10 fois plus nombreux que les neurones, sont en contact
direct avec les neurones et les terminaisons des astrocytes (end-feet) recouvrent jusqu’a` 99%
de l’espace pe´rivasculaire (voir figure 2.2). Les astrocytes seraient donc un interme´diaire
pouvant jouer un tre`s grand roˆle dans le couplage neurovasculaire puisqu’ils sont implique´s
dans la recapture du glutamate. Bien que ce dernier ne soit pas un vasodilatateur direct, la
recapture du glutamate dans les astrocytes modifie la concentration de Ca2+ dont les effets
vasodilatateur ont e´te´ mentionne´s pre´ce´demment. Voir Nair (2005); Girouard and Iadecola
(2006); Gordon et al. (2008) pour une revue des diffe´rents effets observe´s.
2.2.1.4 Effets de l’aˆge
De nombreuses autres substances n’ont pas ne´cessairement un effet direct sur les me´ca-
nismes de vasodilatation des arte´rioles mais ont des effets indirects sur le de´bit sanguin. Il
est surprenant d’observer que la majorite´ de ces substances dont l’effet est module´ par l’aˆge
ont comme finalite´ une re´duction du de´bit sanguin. Ainsi, l’aˆge re´duit la vasodilatation qui
est produite par l’injection d’ade´nosine (Jiang et al., 1992), d’ace´tylcholine (Mayhan et al.,
1990), de bradikinine (Mayhan et al., 1990) et de nicotine (Uchida et al., 1997). Aussi, l’aˆge
augmente la vasoconstriction des vaisseaux produite par l’injection de se´rotonine (Mayhan
et al., 1990; Hajdu et al., 1993). De plus une e´tude re´cente a observe´ une concentration plus
importante de Ca2+ dans les actrocytes de souris atteintes d’Alzheimer (Kuchibhotla et al.,
2009), ce qui pourrait induire des changements de vasoconstriction et donc de la re´ponse
he´modynamique avec l’aˆge.
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Figure 2.2: Relation entre les neurones, les astrocytes et la vasculature. Lors d’activite´ neuronale,
les neurotransmetteurs (le principal e´tant le glutamate) sont relaˆche´s dans l’espace synaptique. Les
astrocytes jouent un roˆle central dans le controˆle des concentrations ioniques et des neurotransmet-
teurs et servent de lien entre l’augmentation de l’activite´ neuronale et les changements des proprie´te´s
vasculaires. Figure tire´e de D’Esposito et al. (2003).
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2.3 Structure des vaisseaux sanguins ce´re´braux
Le sang irrigue le cerveau a` travers des arte`res piales se trouvant a` la surface du cerveau.
Ces arte`res sont entoure´es d’une couche de plusieurs cellules de muscles lisses. Ces muscles
sont innerve´s par les nerfs perivasculaires provenant du syste`me nerveux autonome et des
ganglions sensitifs (Pour plus de de´tails, se re´fe´rer a` Iadecola (2004)). Les arte`res piales se
divisent graduellement en arte´rioles a` mesure qu’elles entrent a` l’inte´rieur du cerveau. A` cause
de leur petit diame`tre, les arte´rioles produiront la majeure partie de la re´sistance arte´rielle et
auront donc une grande influence sur le controˆle du de´bit sanguin. Les arte´rioles sont couvertes
d’une seule couche de muscle lisse et sont entoure´es des prolongements astrocytaires. Les
arte´rioles continuent de se diviser et leur paroi devient de plus en plus fine pour finalement
ne plus contenir de muscle lisse et se transforment en capillaires (voir figure 2.3).
Figure 2.3: Relation entre les cellules, la vasculature, les muscles lisses, les neurones et les actro-
cytes. Figure tire´e de Girouard and Iadecola (2006).
2.3.1 Propagation re´trograde de la vasore´gulation
Les me´canismes de vasodilatation mentionne´s pre´ce´demment agissent cependant a` proxi-
mite´ de l’activite´ neuronale. Toutefois, une grande partie de la vasore´gulation s’effectue en
amont, dans des arte`res piales, qui se trouvent e´loigne´es du lieu d’activation. La propagation
du message de vasore´gulation s’effectuerait en partie a` travers les gaps junctions des cellules
endothe´liales et des muscles lisses (Kawamura et al., 2003; Sokoya et al., 2006).
Un autre me´canisme de vasore´gulation a` distance proviendrait directement des neurones.
Ainsi, des terminaisons nerveuses des interneurones et de noyaux e´loigne´s sont en contact
direct avec l’endothe´lium et les muscles lisses le long des vaisseaux et permettraient la va-
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sore´gulation. Cauli et al. (2004) a montre´ que l’activation d’interneurones avec un contact
direct avec les vaisseaux sanguins produit une vasodilatation. Toutefois, la contribution de ce
me´canisme de controˆle par rapport aux autres me´canismes de controˆle n’est pas encore bien
quantifie´ (Girouard et al., 2006).
Pour une revue de´taille´e des me´canismes neuronaux implique´s dans la vasore´gulation, le
lecteur est invite´ a` lire la revue de Drake and Iadecola (2007).
2.3.2 Effet du vieillissement
En plus des effets physiques et physiologiques mentionne´s dans l’introduction, deux effets
importants du vieillissement peuvent expliquer les changements de la re´ponse he´modyna-
mique, l’hypertension et le stress oxydatif.
2.3.2.1 Hypertension
L’hypertension, fortement pre´sente lors du vieillissement, a des effets majeurs sur le DSC.
Elle favorise l’arte´rioscle´rose des arte`res et arte´rioles ce´re´brales (Dickinson, 2001; Faraci et al.,
1990), ce qui favorise l’occlusion des arte`res et re´duit le de´bit ce´re´bral. De plus, l’hypertension
diminue l’amplitude des changements de CBF sous stimulation sans changer le CBF au
repos sur des souris de laboratoires traite´es a` l’angiotensine II (Kazama et al., 2003) et chez
l’humain (Jennings et al., 2005).
2.3.2.2 Stress oxydatif
Le stress oxydatif est cause´ par les de´rive´s re´actifs de l’oxyge`ne (DRO). Ceux-ci sont des
substances tre`s re´actives et des sous-produits du me´tabolisme de l’oxyge`ne dans les mito-
chondries. En plus d’eˆtre produits en plus grande quantite´ en fonction de l’aˆge (Sen et al.,
2007) les DRO sont e´limine´s moins rapidement en fonction de l’aˆge puisque l’aˆge diminue la
quantite´ d’antioxydants pre´sents (Lee and Yu, 1990). L’augmentation des DRO diminuerait la
pre´sence de NO (Matz et al., 2000; Russo et al., 2002), augmenterait l’athe´roscle´rose (Yildiz,
2007) et favoriserait la dysfonction endothe´liale (Matz et al., 2000; Russo et al., 2002).
2.4 E´lectrophysiologie
Lorsqu’un PA se produit, les courants du potentiel d’action produisent des courants dans le
milieu extracellulaire. En utilisant une e´lectrode avec une tre`s petite surface expose´e (100µm,
impe´dance de 40-120 kΩ), il est possible de mesurer les potentiels d’action extracellulaires
des cellules dans un rayon de 50 a` 350µm de l’e´lectrode (Gray et al., 1995). Ces potentiels
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seront de tre`s courte dure´e (figure 2.4). Malheureusement, les informations obtenues a` l’aide
de ces e´lectrodes ne donnent pas d’information sur les e´ve`nements qui se de´roulent et qui
ne produisent pas de potentiels d’action. L’enregistrement des PA de plusieurs neurones est
commune´ment appele´ dans la langue anglaise multiple-unit spiking activity (MUA).
En utilisant une e´lectrode ayant une plus grande surface expose´e, il est possible d’enregis-
trer les potentiels locaux (local field potentials, LFP). Ceux-ci repre´sentent des e´ve´nements
se produisant a` plus basse fre´quence et inte`grent l’activite´ synchrone de plusieurs neurones
dans un rayon de 0,5 a` 3 mm de l’e´lectrode (Mitzdorf, 1985; Juergens et al., 1999). On
sait maintenant que ces enregistrements proviennent de l’activite´ dendritique et synaptique
(incluant l’activite´ inhibitrice et excitatrice des interneurones) d’une re´gion donne´e et per-
mettent donc d’enregistrer l’activite´ e´lectrique qui peut eˆtre produite meˆme si un PA n’est
pas enregistre´ (Logothetis, 2003; Mitzdorf, 1985).
Les LFP inte´grant les PA sur une grande re´gion d’inte´reˆt, il n’est pas surprenant d’observer
que les LFP corre`lent assez bien avec les MUA. Toutefois, comme les LFP inte`grent aussi
de l’activite´ dendritique ne menant pas a` des PA, il possible d’avoir une faible corre´lation
entre les MUA et les LPF (Mathiesen et al., 1998). Il semble que les LFP soient de meilleurs
pre´dicteurs de la re´ponse he´modynamique que les MUA (Logothetis, 2003; Mathiesen et al.,
1998).
Pour plus de de´tails sur les diffe´rents enregistrements e´lectrophysiologiques, le lecteur est
dirige´ vers deux revues traitant du sujet (Logothetis, 2003; Iadecola, 2004).
2.5 Mode´lisation du couplage neurovasculaire
Jusqu’a` maintenant, l’aspect neuronal du couplage neurovasculaire a e´te´ discute´. La partie
vasculaire de ce couplage est fort complexe et fait intervenir beaucoup de phe´nome`nes non
line´aires. Toutefois, de nombreux mode`les plus ou moins simplistes permettent de mode´liser le
comportement vasculaire. Le mode`le de Buxton (Buxton and Frank, 1997; Buxton et al., 2004)
permet une approche simplifie´e des phe´nome`nes en jeux, permet de relier le flux sanguin, le
volume sanguin, l’oxyge´nation et les changements de concentrations d’he´moglobine et permet
de bien reproduire les re´sultats expe´rimentaux.
Le mode`le de Buxton repre´sente diffe´rents e´le´ments de la re´ponse he´modynamique. Une
stimulation s(t) produit une activation neuronale n(t). Cette activation neuronale produit
un changement de flux sanguin f(t) entrant dans le ballon et de consommation d’oxyge`ne
(CMRO2) m(t). Ces deux dernie`res valeurs modifient les concentrations de sang de´-oxyge´ne´
q(t) et le volume du ballon vasculaire v(t). Dans le mode`le, quelques hypothe`ses sont effec-
tue´es.
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Figure 2.4: Enregistrement de l’activite´ neuronale a` l’aide d’une microe´lectrode. La composante
haute fre´quence repre´sente un potentiel d’action (spikes). La composante basse fre´quence repre´sente
le potentiel local (LFP). Figure tire´e de Iadecola (2004).
1. Il n’y a pas de distinction entre les compartiments arte´riels, veineux et les capillaires.
2. L’augmentation de volume se fait dans le volume veineux, il n’y a donc pas de chan-
gement de volume des capillaires et la surface d’e´change gazeux entre les capillaires et
l’espace pe´rivasculaire reste le meˆme.
3. En re´gime constant, le flux sanguin DSC et le volume sanguin ce´re´bral VSC suivent la
relation de Grubb f = vα ≡ DSC = V SCα, ou` α est l’exposant de Grubb et est
habituellement compris entre [0 :25 ; 0 :4] (Grubb et al., 1974).
2.5.1 Fraction d’oxyge`ne extrait
Les phe´nome`nes de transport d’oxyge`ne se produisant entre le sang et la parenchyme
de´pendent entre autres de la surface couverte par les capillaires, la pression partielle d’oxyge`ne
dans le tissu et dans les capillaires et la perme´abilite´ des capillaires a` l’oxyge`ne. Buxton et al.
(1998) ont propose´ un mode`le mathe´matique permettant de mode´liser la quantite´ d’oxyge`ne
qui est consomme´ par le tissu. La fraction d’oxyge`ne extrait (OEF, oxygen extraction fraction)
est de´finie comme le pourcentage de l’oxyge`ne passant dans le ballon qui est extrait par le
tissu, ceci en faisant l’hypothe`se que tout l’oxyge`ne qui est extrait a` partir des capillaires est
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A B)
Figure 2.5: Mode`le de Buxton du couplage neurovasculaire. A) Diagramme de la re´ponse he´mo-
dynamique (extrait partiel d’une figure tire´e des travaux de Buxton et al. (2004)). B) Diagramme
image´ de la re´ponse he´modynamique.
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me´tabolise´ par le tissu. L’OEF est mode´lise´ ainsi :
OEF (DSC) = 1− (1− EOF0)DSC0/DSC
ou` DSC0 est le de´bit sanguin ce´re´bral au repos et EOF0 est la fraction d’oxyge`ne extrait au
repos. Le OEF de´pend donc du de´bit sanguin ce´re´bral, et si la consommation d’oxyge`ne reste
la meˆme, une augmentation du de´bit sanguin aura pour effet de diminuer l’OEF.
2.5.2 Consommation ce´re´brale d’oxyge`ne
Les techniques d’imagerie permettent de retrouver le volume d’he´moglobine pre´sent dans
un compartiment sanguin. Comme on connait aussi le de´bit sanguin dans le compartiment,
il est possible de retrouver la consommation locale d’oxyge`ne, soit :
(1 + ∆CMRO2) = (1 + ∆DSC)
1 + ∆HbRven
1 + ∆V SCven
(2.1)
ou`, (VSC) est le volume sanguin ce´re´bral, l’indice (ven) repre´sente la concentration dans les
compartiments veineux et (∆) repre´sente un changement relatif des diffe´rentes quantite´s.
2.5.3 Line´arite´ du couplage neurovasculaire
L’imagerie fonctionnelle se base sur un fort couplage entre l’activite´ neuronale et les
changements he´modynamiques. Toutefois, de nombreuses e´tudes viennent infirmer cette hy-
pothe`se. En imagerie IRM-f, certaines e´tudes montrent des non line´arite´s pour des stimu-
lations de dure´es diffe´rentes (Liu and Gao, 2000; Miller et al., 2001; Ogawa et al., 2000;
Friston et al., 1998; Glover, 1999; Shmuel et al., 2002) et pour des re´ponses d’amplitudes
diffe´rentes (Ogawa et al., 2000; Glover, 1999).
En IOI, on observe aussi des non-line´arite´s pour des dure´es de stimulations diffe´rentes.
Plusieurs e´tudes ont montre´ que pour des stimulations de plus de 5 secondes, la re´ponse
he´modynamique avait tendance a` diminuer apre`s un maximum d’amplitude se situant a`
environ 4 s (Norup Nielsen and Lauritzen, 2001; Zheng et al., 2002; Martindale et al., 2005).
On observe des non-line´arite´s entre l’amplitude de la stimulation et l’amplitude de la re´ponse
he´modynamique, mais la re´ponse demeure presque line´aire pour des stimulations e´lectriques
entre 0.5 et 1.5 mA (des intensite´s pre`s du seuil musculaire) (Hewson-Stoate et al., 2005;
Franceschini et al., 2008). Finalement, on observe des non-line´arite´s entre la fre´quence de
stimulation et l’amplitude de la re´ponse he´modynamique. Les stimulations de fre´quences
e´leve´es produisant une inhibition de la re´ponse he´modynamique, la fre´quence de stimulation
produisant la re´ponse maximale se trouve entre 2 et 5 Hz (Norup Nielsen and Lauritzen,
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2001; Hewson-Stoate et al., 2005; Franceschini et al., 2008).
Meˆme s’il existe une grande non-line´arite´ entre les stimulations, en utilisant des e´lectrodes
dans le cerveau il est possible d’enregistrer directement l’activite´ neuronale mesure´e. Ce fai-
sant, on observe une plus grande line´arite´ entre l’activite´ neuronale et la re´ponse he´modyna-
mique qu’entre l’activite´ neuronale et les stimulations (Sheth et al., 2004b; Hewson-Stoate
et al., 2005; Franceschini et al., 2008). Plus pre´cise´ment, il existerait une loi de puissance
H = kAc entre l’activite´ neuronale mesure´e A et l’amplitude de la re´ponse he´modynamique
H, ou` c se situe entre 1.38 (Hewson-Stoate et al., 2005) et 2 (Franceschini et al., 2008). Cette
loi de puissance indique que de faibles re´ponses neuronales provoquent peu ou pas de re´ponse
he´modynamique.
Par contre, il demeure des non-line´arite´s entre les mesures de l’activite´ neuronale et la
re´ponse he´modynamique. Huppert et al. (2009) ont mode´lise´ le couplage neurovasculaire pour
diffe´rents degre´s d’hypercapnie et montrent que le degre´ d’hypercapnie n’affecte ni l’amplitude
de la re´ponse neuronale ni le CMRO2 mais affecte l’amplitude de la re´ponse he´modynamique.
Ainsi, le couplage neurovasculaire est un processus complexe qui est influence´ par les
proprie´te´s des cellules nerveuses de meˆme que par les proprie´te´s des vaisseaux sanguins a`
proximite´. Pour avoir une bonne ide´e de ce couplage, il est important d’avoir un syste`me
d’imagerie qui permet d’enregister plusieurs composantes de la re´ponse he´modynamique. Le
montage utilise´ dans ces travaux combine les mesures de concentrations d’he´moglobine (me-
sures d’imagerie optique intrinse`que) aux mesures de de´bit sanguin (mesure de granularite´
laser) et permet donc d’enregistrer simultane´ment une se´rie comple`te de parame`tres he´mo-
dynamiques (∆HbO, ∆HbR, ∆DSC, ∆VSC et ∆CMRO2).
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Figure 2.6: Non-line´arite´ dans le couplage neurovasculaire pour diffe´rentes dure´es de stimulations
e´lectriques. Gauche : re´ponse neuronale (SEP : potentiel e´voque´). Centre : Re´ponses neuronales
alligne´es par rapport a` la stimulation e´lectrique. Droite : re´ponse he´modynamique. Pour de longues
stimulations, la re´ponse culmine a` environ 4 s pour redescendre a` un plateau. Figure tire´e de
Franceschini et al. (2008).
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CHAPITRE 3
The´orie imagerie
3.1 Introduction
Lorsque l’on veut enregistrer in situ l’activite´ neuronale suite a` une stimulation, les me-
sures d’e´lectrophysiologies effectue´es a` l’aide d’e´lectrodes inse´re´es dans le cerveau permettent
d’obtenir une mesure tre`s locale. Par contre, pour effectuer des mesures sur une plus grande
re´gion, les techniques d’imagerie fonctionnelle sont mieux adapte´es. Parmi les techniques uti-
lise´es chez l’humain, l’imagerie PET suit les e´missions de traceurs radioactifs injecte´s dans
le cerveau ce qui permet de mesurer entre autres la consommation d’oxyge`ne et de glucose.
L’IRM-f, permet de mesurer l’activite´ neuronale en mesurant le signal BOLD qui provient le
l’aimantation de l’he´moglobine de´oxyge´ne´e pre´sente dans le sang.
Ces deux techniques sont tre`s bien adapte´es pour les mesures effectue´es chez l’humain a`
cause de leur aspect non-invasif. Par contre, ces techniques ont de faibles re´solutions spatiale
et temporelle. Lors de l’imagerie de petits animaux, l’aspect non-invasif est beaucoup moins
important. Dans ce cas, l’imagerie optique est bien approprie´e. Les diffe´rentes techniques
d’imagerie optique se basent sur les proprie´te´s d’interaction de la lumie`re avec le milieu.
L’imagerie optique diffuse (IOD) et l’imagerie optique intrinse`que (IOI) se basent sur la dif-
fusion et l’absorption de la lumie`re par le milieu. Lorsqu’une stimulation est effectue´e, il y a
un changement local des concentrations des mole´cules d’oxyhe´moglobine et de de´oxyhe´mo-
globine ce qui modifie l’intensite´ de la lumie`re qui sera capte´e par le de´tecteur.
L’IOD est habituellement effectue´e avec une lumie`re infrarouge. Cette lumie`re est faible-
ment absorbe´e par le tissu (figure3.1), ce qui permet d’effectuer des mesures de transmission
de la lumie`re dans le tissu. Elle est utilise´e en neuroscience depuis plus de 15 ans chez l’hu-
main (Villringer et al., 1993; Hoshi and Tamura, 1993; Obrig and Villringer, 2003; Gibson
et al., 2005) en partie a` cause de son faible couˆt par rapport a` l’IRM mais elle posse`de par
contre une faible re´solution spatiale.
L’IOI est une technique qui existe aussi depuis plus d’une quinzaine d’anne´e (Dunn et al.,
2003; Berwick et al., 2005; Frostig et al., 1990; Vanzetta et al., 2005). On utilise de la lumie`re
visible qui a une plus faible profondeur de pe´ne´tration et qui est plus fortement absorbe´e par
le tissu, si bien qu’on utilise un montage en re´flexion (figure 3.2). Dans ce dernier, la lumie`re
de diffe´rentes longueurs d’onde pe´ne`tre faiblement dans le tissu et une partie de la lumie`re
retourne a` la surface du tissu pour eˆtre capte´e par une came´ra.
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Dans le cadre de mesures IOI, une technique de plus en plus utilise´e pour mesurer les
changements de de´bit est imagerie par granularite´ laser. Cette technique se base sur le principe
d’interfe´rence produite par la re´flexion de la lumie`re cohe´rente issue d’une source laser non
focalise´e. Cette technique a l’avantage d’utiliser le meˆme montage d’enregistrement que le
syste`me d’IOI, ce qui facilite grandement la prise des mesures et permet d’obtenir des cartes
2D de de´bit sanguin simultane´ment aux mesures d’absorption.
3.2 Mesure des concentrations d’he´moglobine par IOI
La transmission de la lumie`re dans un milieu contenant des particules absorbantes peut
eˆtre de´crite par la loi de Beer-Lambert :
I(λ) = I0(λ) · e−
∫
ε(λ,x)C(x)dx
ou` I(λ) est l’intensite´ de la lumie`re transmise de longueur d’onde λ, I0 est l’intensite´
de la lumie`re incidente et ε(λ, x) est le coefficient molaire d’extinction de la lumie`re (voir
figure 3.1), C(x) est la distribution de concentration des espe`ces absorbantes (en mol/L) et
finalement l’inte´grale est effectue´e sur tout le trajet parcouru par la lumie`re.
Cette e´quation peut eˆtre modifie´e pour repre´senter la propagation de la lumie`re dans
le cerveau, un milieu fortement diffusant. En faisant l’hypothe`se que le milieu image´ est
uniforme, on obtient la loi de Beer-Lambert (voir Kohl et al. (2000)) :
OD = log
Rm
I0
=
∑
i
εi(λ)CiDa(λ) +G (3.1)
ou` Rm et I0 sont les intensite´s de la lumie`re re´fle´chie mesure´e et de la lumie`re inci-
dente, εi(λ) et Ci sont respectivement le coefficient d’extinction molaire et le changement de
concentration molaire du ie`me chromophore, Da(λ) est un facteur faisant intervenir la distance
optique parcourue par la lumie`re dans le tissu (de´pendant les proprie´te´s d’absorption et de
diffusion de la lumie`re a` cette longueur d’onde) (Dunn et al., 2005; Kohl et al., 2000), G est
un facteur ge´ome´trique et OD est la densite´ optique (optical density).
En imagerie optique intrinse`que, suivant une activation neuronale, l’OD varie en fonc-
tion des changements de concentration des diffe´rents chromophores rencontre´s par la lu-
mie`re (Dunn et al., 2003; Mayhew et al., 1999). Comme les changements de concentration
sont mesure´s par rapport a` un e´tat initial et que le facteur ge´ome´trique ne de´pend pas
du temps, il est possible de relier les changements de densite´ optique aux changements de
concentrations :
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Figure 3.1: Spectre d’absorption des mole´cules d’oxyhe´moglo-
bine et de de´oxyhe´moglobine et spectre d’e´mission des diodes
e´lectroluminescentes utilise´es dans le montage d’IOI.
Figure 3.2: Profil de sensitivite´
obtenu en imagerie optique in-
trinse`que. Figure tire´e de Hill-
man (2007).
∆OD = log
R
R0
=
∑
i
εi(λ)∆CiDa(λ) (3.2)
ou` R et R0 sont les intensite´s de lumie`re re´fle´chie pendant l’activation et au repos.
Les chromophores ayant des proprie´te´s d’absorption connues (figure 3.1), en illuminant
avec diffe´rentes longueurs d’onde, il est possible de retrouver les changements de concentration
de chacun des chromophores pre´sents. Dans le cas du cerveau, il est ainsi possible de retrouver
les changements de concentration des deux principaux chromophores soit [HbR] et [HbO] et
par le fait meˆme de retrouver la concentration totale de sang [HbT].
Dans la mesure des concentrations de d’he´moglobine, on fait l’hypothe`se que l’absorption
est uniforme tout au long de la zone image´e. Comme la lumie`re rouge a une plus grande
profondeur de pe´ne´tration que la lumie`re bleue, elle aura donc tendance a` mesurer les chan-
gements de concentration plus en profondeur, ce qui n’est pas pris en compte dans l’e´quation
3.2.
3.3 Granularite´ laser
Dans l’imagerie par granularite´ laser (laser speckle), la lumie`re cohe´rente produite par
une source laser est envoye´e sur un tissu biologique. La lumie`re pe´ne`tre dans le tissu et, a`
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cause de la diffusion dans le tissu, une partie de la lumie`re retourne a` la surface du tissu et
peut eˆtre capte´e par une came´ra. Comme une lumie`re cohe´rente est utilise´e, celle-ci produit
un champ d’interfe´rences qui ge´ne`re une image granulaire (tavelures, ou speckle) sur une
came´ra. Lorsque le sang circule dans le tissu biologique, le champ d’interfe´rence est modifie´,
ce qui fait fluctuer les tavelures dans le temps. Ces changements peuvent eˆtre quantifie´s par
le contraste C qui est de´fini comme le ratio de l’e´cart-type σ sur l’intensite´ moyenne mesure´e
〈I〉 par un pixel de la came´ra. Dans une re´gion image´e, la vitesse v moyenne des particules
est relie´e au contraste des tavelures par l’e´quation suivante :
C =
σ
< I >
=
( τc
2T
(1− e−2Tτc )
)2
(3.3)
ou` τc est le temps de corre´lation d’une tavelure et T est le temps d’exposition de la ca-
me´ra (Fercher and Briers, 1981; Briers, 2001; Dunn et al., 2001; Forrester et al., 2004; Dur-
duran et al., 2004b). Lorsque le temps d’exposition de la came´ra est beaucoup plus long que
le temps de corre´lation d’une tavelure, on se retrouve dans le re´gime asymptotique (Dunn
et al., 2005; Duncan and Kirkpatrick, 2008) et l’e´quation 3.4 peut se simplifier et donner une
mesure du changement de de´bit sanguin ce´re´bral (DSC) :
− 2∆C/C0 ≈ ∆ν/ν0 = ∆DSC/DSC0 (3.4)
Nous avons montre´ comment l’imagerie optique intrinse`que permet d’obtenir des images
de HbO, HbR et le DSC. Ces trois mesures he´modynamiques peuvent ensuite eˆtre utilise´es afin
de caracte´riser la re´ponse he´modynamique. Malgre´ tout, les expe´riences ne´cessitent beaucoup
de pre´cautions et celles-ci seront re´sume´es dans le prochain chapitre.
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CHAPITRE 4
Me´thodologie
4.1 Introduction
Ce chapitre consiste en une sorte de « manuel technique » de´crivant les principales e´tapes
permettant d’effectuer des enregistrements d’imagerie optique intrinse`que. La description
des e´tapes n’est pas entie`rement de´taille´e pour ne pas alourdir le texte. Toutefois, le texte
se veut suffisamment complet pour pouvoir bien de´crire les proble`mes rencontre´s durant
les expe´riences et pour guider les futurs utilisateurs afin d’e´viter de reproduire des erreurs
entrainant l’e´chec des expe´riences.
4.2 Pre´paration expe´rimentale
4.2.1 Pre´paration des animaux
Les rats sont initialement anesthe´sie´s a` l’isoflurane (3%) et la tempe´rature rectale est
controˆle´e et maintenue a` 37oC a` l’aide d’un tapis chauffant (Harvard). Une canule connecte´e
a` une sonde de pression ainsi qu’a` une pompe injectant 0.7 ml/h de saline en continu est
inse´re´e dans l’arte`re fe´morale. L’injection continue de saline permet d’e´viter que le sang ne
coagule dans la canule et arreˆte la lecture de la pression. Une canule est inse´re´e dans une des
veines carotides et le rat est anesthe´sie´ a` l’aide d’α-chloralose (bolus initial de 50mg/kg en
environ 7 min suivi d’injection continue de 40mg/kg/h) et l’isoflurane est re´duit a` (2.5%).
Une trache´otomie est effectue´e et le rat est par la suite ventile´ (Kent Scientific, CT) en
continuant l’anesthe´sie a` l’isoflurane (2.5%) pour diminuer au maximum le stress cause´ par
l’ope´ration. Le rythme respiratoire est maintenu a` 50 respirations/min en utilisant un de´bit
de 1L/min, un cycle respiratoire de 20% et une pression respiratoire d’environ 10 cm d’H2O.
La pression respiratoire est ajuste´e de fac¸on a` ce que le rat soit le´ge`rement en hyperoxie. Le
rat devrait donc respirer par lui meˆme a` toutes les 20 respirations environ ou bien lorsque le
respirateur est arreˆte´ plus de 5 s.
Le CO2 expire´ (Capstar 100) et le rythme cardiaque sont enregistre´s. Le rat est ensuite
positionne´ sur un montage ste´re´otaxique, une section du craˆne est expose´e (1.5 cm2) et
une re´gion du craˆne de chaque coˆte´ du cerveau (late´ral : bregma +1 a` +6 mm, longitudinal :
bregma -4 a` +4mm) est amincie a` 0.2 mm a` l’aide d’une me`che rotative. Les saignements sont
arreˆte´s au caute`re e´lectrique et un bain d’huile mine´rale est ensuite forme´ a` la surface du craˆne
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pour e´viter d’asse´cher le craˆne et faciliter la mise au point. Le montage d’IOI est positionne´
pour imager la re´gion d’inte´reˆt. Deux e´lectrodes sous cutane´es (Grass, straight subdermal
needle electrode) sont ensuite inse´re´es sous la patte et le seuil de mouvement est de´termine´
a` l’aide d’un pulse e´lectrique (0.3 ms, 1 Hz). Le seuil musculaire se situe habituellement
entre 0.8 et 1.3 mA. Si ce n’est pas le cas, les e´lectrodes de stimulation sont repositionne´es.
Finalement, l’administration d’isoflurane est arreˆte´e.
4.2.1.1 Ajustement de la respiration
L’utilisation d’un respirateur permet de re´gler le rythme respiratoire de fac¸on tre`s re´gu-
lie`re. Le rythme respiratoire stable re´duit les fluctuations de la saturation d’oxyge`ne et le
bruit physiologique des mesures d’IOI.
La saturation d’oxyge`ne est ajuste´e pour avoir une le´ge`re hyperoxie. En hypoxe´mie, le rat
effectue de grandes respirations par lui meˆme ce qui peut augmenter le bruit du signal he´mo-
dynamique ce´re´bral. Par contre, il est important de ne pas avoir une trop grosse hyperoxe´mie.
Selon notre expe´rience et les re´sultats obtenus par le groupe de David Boas, une respiration
trop e´leve´e lors de la chirurgie et des enregistrements favorise la pre´sence d’oscillations (ondes
de Mayer, figure 4.1).
Note Si le rat est en hypoxe´mie ou si le CO2 expire´ est trop e´leve´, il est pre´fe´rable d’augmen-
ter la pression respiratoire et non le rythme respiratoire. Pour des raisons inde´termine´es,
un rythme respiratoire e´leve´ semble favoriser les oscillations. Le groupe de David Boas
maintient le rythme respiratoire a` 40 cycles/min, toutefois, ce chiffre est beaucoup plus
faible que les valeurs de base du rat qui se situent a` plus de 70 respirations/min.
4.2.2 Protocole d’illumination
Un sche´ma du montage est pre´sente´ a` la figure 4.3. Les images sont acquises a` l’aide
d’une came´ra CCD 12 bits (CS3960DCL, Toshiba Teli, 30 images/s) ayant une re´solution de
1392·1040 pixel et une dimension de pixels de 6.45·6.45 µm. Une interface Labview (National
instrument) est utilise´e pour controˆler la came´ra, enregistrer les images, changer l’illumination
et synchroniser l’acquisition et les stimulations e´lectriques. Une lentille macro (Nikkor f=50
mm) est place´e a` 15 cm du craˆne pour obtenir une profondeur de champ suffisamment petite
(300 µm) et un agrandissement ade´quat (0.5X). La mise au point est ensuite effectue´e sur
les petites veines et arte`res a` la surface du craˆne. Les enregistrements sont effectue´s en
alternant la lumie`re provenant de 3 diodes haute intensite´ (Optek technologie, 525, 590 637
nm, largeur a` mi-hauteur respective de 33, 10 et 13 nm, voir spectre figure 3.2) et d’une diode
laser infrarouge (780 nm, granularite´ laser). En tout temps, l’ouverture de la came´ra est fixe´e
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Figure 4.1: Exemple de bruit dans les si-
gnaux de re´flectance ∆R/R0 mesure´ pour
une illumination rouge (637 nm). Haut : si-
gnal tre`s bruite´ et posse´dant de fortes oscil-
lations a` environ 0.1 Hz. Bas : signal tre`s peu
bruite´ ou` le moyennage est a` peine ne´cessaire
pour avoir un bon RSB.
Figure 4.2: Bruit mesure´ pour le signal de re´-
flectance ∆R/R0 pour une illumination rouge
(637 nm). Les donne´es proviennent de tous les
rats LOU utilise´s dans les chapitres 5 et 6. Le
bruit est donne´ par l’erreur standard σ/
√
n ou` n
repre´sente le nombre de stimulations effectue´es,
soit habituellement 40 stimulations par rat.
a` 5.6, pour que la taille du grain soit de meˆme dimension que la taille d’un pixel (Dunn et al.,
2001; Briers, 2001; Parthasarathy et al., 2008). L’acquisition est effectue´e a` une fre´quence de
5 Hz pour chaque couleur des diodes et le temps d’acquisition d’une image est fixe´ a` 10 ms.
4.2.3 E´lectrophysiologie
A` l’aide d’une aiguille (gauge #20) un trou est effectue´ dans le craˆne. A` partir de ce
trou, le coˆte´ de l’aiguille est utilise´ pour couper une feneˆtre d’environ 2 mm2 dans le craˆne
et pour enlever la dura autour du lieu d’activation (bregma late´ral 3 mm, longitudinal 0
LEDs,
Laser diode
Camera
Stimulation
Synchronization
Figure 4.3: Aperc¸u du syste`me d’illumination et d’acquisition.
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mm). L’e´lectrode de masse en Ag-AgCl est place´e a` l’inte´rieur du cuir chevelu a` l’aide d’une
pince alligator. L’e´lectrode d’enregistrement est inse´re´e dans la re´gion d’inte´reˆt a` l’aide d’un
micromanipulateur. Une e´lectrode de re´fe´rence de faible inpe´dance et du meˆme mate´riel que
l’e´lectrode d’enregistrement est inse´re´e dans le tissu pre`s de la zone image´e. Apre`s un temps
d’attente de quelques minutes pour laisser le temps a` la pre´paration de se stabiliser, une
stimulation e´lectrique de la patte (0.3 ms a` 1 Hz) est utilise´e pour ve´rifier la pre´sence de
signal neuronal.
Note#1 Le trou dans le craˆne et l’insertion de l’e´lectrode re´duit souvent l’amplitude de
la re´ponse neuronale. Dans l’e´laboration d’un protocole, il est pre´fe´rable de faire un
enregistrement d’IOI pour ensuite faire un enregistrement d’IOI simultane´ment avec
les enregistrements neuronaux. Lorsque le RSB est suffisant, on privile´giera les enregis-
trements d’IOI et e´lectrophysiologiques effectue´s lors d’un meˆme protocole.
Note#2 L’e´lectrode de masse en Ag-AgCl permet d’e´viter que l’e´lectrode se charge et pro-
duise des arte´facts hautes fre´quences lors de l’enregistrement de signaux.
Note#3 L’enregistrement doit se faire en mode diffe´rentiel avec une e´lectrode de re´fe´rence.
Si l’e´lectrode de re´fe´rence est connecte´e a` la masse, Le signal mode commun de l’ampli-
ficateur devient e´leve´. L’artefact de stimulation peut se trouver augmente´ jusqu’a` deux
ordres de grandeur et peut saturer le signal rendant presque impossible l’analyse des
donne´es.
4.3 Analyse des donne´es
4.3.1 Pre´traitement des donne´es (e´cre´mage)
Lors des enregistrements en IOI, plusieurs phe´nome`nes non physiologiques peuvent venir
corrompre nos donne´es. Il arrive entre autres :
1. des changements d’intensite´ lumineuse lorsque les personnes se de´placent a` proximite´
de l’animal ;
2. des vibrations du montage cause´es par les gens autour du montage ;
3. que du sang s’accumule dans la re´gion image´e et qu’il faille nettoyer la re´gion ;
4. que les parame`tres de respirations soient change´s lors de l’expe´rience.
Pour e´viter que ces phe´nome`nes transitoires viennent corrompre nos re´sultats, une proce´dure
d’e´limination des mauvaises stimulations( qui enle`ve une moyenne de ≈ 10% des stimulations)
est effectue´e :
1. la re´gion d’inte´reˆt est se´lectionne´e approximativement ;
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2. les courbes moyenne´es sont calcule´es et un algorithme enle`ve automatiquement toutes
les courbes qui sont statistiquement trop diffe´rentes des autres courbes ;
3. les courbes sont affiche´es a` l’e´cran et inspecte´es a` l’oeil. Si une courbe a un comporte-
ment inattendu, elle est enleve´e manuellement.
4.3.2 Traitement des donne´es d’IOI
Avant d’obtenir les changements de concentrations d’he´moglobine, un traitement mathe´-
matique est effectue´ pour de´terminer les changements d’intensite´ re´fle´chie. Suite a` chaque
stimulation i et pour chaque longueur d’onde mesure´e λ, l’intensite´ re´fle´chie de base Ri,0(λ)
est mesure´e en effectuant la moyenne des 3 s pre´ce´dant la stimulation e´lectrique de la patte.
Pour chaque stimulation, le changement d’intensite´ est alors mesure´ :
R∆,i(λ, t) =
R(λ, t))−Ri,0(λ)
Ri,0(λ)
et moyenne´ sur toutes les stimulations :
R∆(λ, t) =
1
n
∑
i=1..n
R∆,i(λ, t)
Ce signal est mesure´ pour chaque pixel de l’image et servira par la suite pour de´terminer
les signaux de re´flectance des re´gions d’inte´reˆt.
4.3.3 Extraction des concentrations d’he´moglobine
La loi de Beer-Lambert est utilise´e pour convertir les changements d’intensite´ re´fle´chie
R∆(λ, t) en concentrations de HbO, HbR et HbT (Dunn et al., 2003; Mayhew et al., 1999;
Kohl et al., 2000).
Tel que mentionne´ dans la section the´orie, le lien entre les changements d’intensite´ lumi-
neuse et de concentration est donne´ par l’e´quation 3.2 :
∆OD = log
R
R0
=
∑
i
εi(λ)∆CiDa(λ)
Dans le cerveau et pour les longueurs d’onde utilise´es, les deux principaux chromophores
pre´sents sont les mole´cules sang oxyge´ne´ HbO et de´soxyge´ne´ HbR. On peut donc construire
le syste`me d’e´quation :
∆OD(λ) = (εHbR(λ)∆[HbR] + εHbO(λ)∆[HbO])Da(λ)
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ou` ∆[HbO] et ∆[HbR] repre´sentent respectivement les changements de concentration
d’oxyhe´moglobine et de de´oxyhe´moglobine. Le syste`me peut s’e´crire sous la forme matricielle :
∆ODλ1
...
∆ODλn
 =

εHbR,λ1Da,λ1 εHbO,λ1Da,λ1
...
...
εHbR,λnDa,λn εHbO,λ1Da,λn

(
∆[HbR]
∆[HbO]
)
Nos enregistrements utilisent trois longueurs d’onde, ce qui permet d’obtenir les change-
ments de concentration a` l’aide de la formule suivante :
(
∆[HbR]
∆[HbO]
)
=
 εHbR,525Da,525 εHbO,525Da,525εHbR,590Da,590 εHbO,590Da,590
εHbR,637Da,637 εHbO,637Da,637

+ ∆OD525∆OD590
∆OD637

ou` l’exposant + repre´sente un pseudo-inverse de Moore-Penrose.
La concentration de sang totale est donne´e par : [HbT] = [HbR] + [HbO]. Les chan-
gements de concentrations sont ensuite transforme´s en changements de concentrations en
pourcentage a` l’aide des concentrations au repos utilise´es par Dunn et al. (2005) : HbR =
100 · [HbR]/40µM, = HbO = 100 · [HbO]/60µM, HbT = 100 · [HbT]/100µM .
4.3.4 Analyse par granularite´ laser
La me´thode de´crite par Dunn et al. (2005) est utilise´e pour imager le de´bit sanguin. Pour
chaque image laser, le contraste spatial laser est de´termine´ en calculant le ratio entre l’e´cart-
type et l’intensite´ moyenne des pixels d’une re´gion (feneˆtre 5·5 pixels). Ensuite, le meˆme
traitement statistique que pour les images d’IOI est effectue´. Le contraste de base C0 est
mesure´ en effectuant la moyenne des 3 s pre´ce´dant la stimulation. Pour chaque stimulation,
le changement de de´bit C∆(t) =
C−C0
C0
est calcule´ et les re´sultats de toutes stimulations sont
moyenne´s. Ces images sont ensuite converties en de´bit sanguin a` l’aide de l’e´quation 3.4.
4.3.4.1 E´tude de la re´solution
Un des avantages mentionne´s dans la litte´rature de la technique de granularite´ laser est sa
grande re´solution spatio-temporelle. Toutefois, meˆme si la re´solution de la came´ra est e´leve´e,
la grande profondeur de pe´ne´tration de la lumie`re laser utilise´e ( 720 nm) diminue grandement
la re´solution effective de l’appareil. De plus, le RSB de la technique est tre`s faible, si bien
qu’il est ne´cessaire d’effectuer le moyennage sur de grandes surfaces ce qui diminue encore
la re´solution spatio-temporelle de la technique. La figure 4.4 montre les mesures de de´bit
effectue´es par granularite´ laser. Pour des re´gions d’inte´reˆt (RI) ayant une surface supe´rieure
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a` 0.5 mm2, le RSB est assez e´leve´. Par contre, pour une surface infe´rieure a` 0.5 mm2, le bruit
de mesure devient important par rapport au signal mesure´.
4.4 Post-traitement
4.4.1 Choix des re´gions d’inte´reˆt
La re´gion d’inte´reˆt (RI) est de´termine´e a` partir d’une carte de changement de de´bit
sanguin. La re´gion ayant le plus fort de´bit est identifie´e. A` partir d’une image anatomique
a` 637 nm, les veines de surface sont enleve´es. Ensuite, a` partir des cartes de de´bit au repos,
les arte`res sous la surface sont enleve´es de la RI. L’aire de la RI ainsi obtenue est d’environ
2 mm2.
4.4.1.1 Justification de la me´thode employe´e
La technique pour de´terminer la RI se base sur des conside´rations pratiques. La RI doit
eˆtre le plus uniforme possible et avoir une aire suffisante pour augmenter le RSB du signal
de granularite´ laser. Des re´gions plus ou moins grandes ont une re´ponse he´modynamique tre`s
similaire. Les veines ont une re´ponse de´cale´e par rapport aux autres re´gions (voir figure 4.5).
La RI doit donc eˆtre assez grande pour avoir un bon RSB pour les mesures de granularite´
laser mais elle doit eˆtre assez petite pour eˆtre pre`s de la re´gion ou` la re´ponse est de plus forte
amplitude.
4.4.2 Techniques d’e´limination de bruit physiologique
Les signaux physiologiques traite´s ici sont des oscillations naturelles du corps venant
interfe´rer avec les mesures de re´ponse he´modynamique se de´roulant sur une pe´riode de 2 a`
20 s. Le rythme cardiaque (0.5 Hz chez le rat) aura peu d’effet sur les mesures puisque sa
fre´quence est de beaucoup supe´rieure a` la re´ponse he´modynamique. La respiration (1 Hz chez
rat) n’a habituellement pas d’influence a` cause de sa haute fre´quence.
L’origine des ondes de Mayer (0.1 Hz chez l’humain, 0.4 Hz chez le rat) est encore sujet a`
controverse (voir revue de Julien (2006)). Les effets de celles-ci sont toutefois bien connus : une
oscillation de l’activite´ des syste`mes sympathique et parasympathique ainsi qu’une oscillation
du rythme cardiaque et de la pression arte´rielle. Vu la fre´quence a` laquelle ces signaux se
produisent, ils peuvent interfe´rer avec la prise de mesures. De plus, les signaux physiologiques
ont la faˆcheuse tendance a` se synchroniser avec les stimulations effectue´es, ce qui complique
l’analyse des re´sultats. Il est donc ne´cessaire de construire des protocoles expe´rimentaux qui
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Figure 4.4: Effet de la taille (en mm2) d’une RI en granularite´ laser. Gauche : Courbe de de´bit
mesure´e pour diffe´rentes tailles de RI. Droite : Erreur d’une mesure de de´bit (l’erreur est calcule´e
en effectuant l’e´cart-type de 23 stimulations conse´cutives sur un meˆme rat).
Figure 4.5: Effet du choix de la re´gion d’inte´reˆt sur la forme de la re´ponse he´modynamique. Les
re´sultats montrent qu’une RI plus grande diminue l’amplitude mais ne diminue pas la forme de la
re´ponse. Les veines ont une re´ponse de´cale´e dans le temps. — Les mesures sont effectue´es pour :
1) une RI de dimension re´gulie`re sans vaisseau sanguin, 2) une RI deux fois plus grande que la RI
habituelle sans les vaisseaux sanguins 3) les veines pre`s de la RI de dimension re´gulie`re.
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permettent de re´duire au maximum la contribution de ces oscillations au signal d’inte´reˆt.
Pour re´duire le bruit physiologique, plusieurs techniques sont de´crites ci-bas.
4.4.2.1 Technique de soustraction du bruit physiologique
Pre`s du lieu d’activation, le signal mesure´ Mp comporte un signal he´modynamique Sp
et du bruit physiologique ep. Loin du lieu d’activation, il est possible d’e´mettre l’hypothe`se
que le signal mesure´ Ml est fait d’un faible signal he´modynamique Sl ⇒ 0 et d’un bruit
physiologique tre`s semblable dans tout le cortex el ≈ ep. Ce qui permet de reconstruire le
signal he´modynamique S = Mp −Ml ≈ Sp.
Toutefois, chez certains rats, le signal physiologique n’a pas le meˆme comportement tem-
porel en fonction du lieu d’enregistrement el 6= ep. Il arrive donc que le signal S soit plus
bruite´ que le signal Sp. De plus, une re´ponse he´modynamique de faible amplitude est souvent
pre´sente sur Sl. Dans ce cas, le signal S aura une plus faible amplitude que Mp et donc un
RSB plus faible.
Ainsi, cette technique a permis de re´duire le bruit physiologique chez certains rats, mais
a donne´ des re´sultats difficilement interpre´tables sur d’autres rats. La technique a donc e´te´
laisse´e de coˆte´.
4.4.2.2 Technique d’analyse par composante principale
Au de´but du projet, des tests ont e´te´ faits par analyse par composante principale (ACP),
a` l’aide de la fonction Matlab princomp. Une dimension de la matrice a` de´composer corres-
pondait aux changements de concentration d’he´moglobine de chaque pixel image´ et l’autre
dimension correspondait au temps par rapport a` la stimulation e´lectrique (pe´riode de ≈20
s et donne´es moyenne´es sur 40 stimulations). Un premier proble`me avec cette analyse est le
temps de calcul plus e´leve´. Toutefois, le principal proble`me est qu’il est difficile de donner
une interpre´tation claire des re´sultats obtenus par ACP. L’ACP devrait permettre de dif-
fe´rencier le bruit physiologique de la re´ponse he´modynamique, toutefois la technique a les
meˆmes proble`mes que la technique pre´ce´dente lorsque le comportement du rat ne suit pas
exactement le mode`le de bruit e´tabli. Il est a` noter que lors de bons enregistrements, le RSB
de la re´ponse he´modynamique est suffisamment e´leve´. Nous avons donc tente´ de maximiser le
RSB lors des expe´riences et mis de coˆte´ les animaux avec un faible RSB plutoˆt que d’utiliser
des techniques permettant d’enlever le bruit physiologique.
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4.5 Bruit
Le montage optique posse`de un tre`s faible niveau de bruit. Dans un enregistrement stan-
dard, le bruit de mesure provenant du montage (principalement la came´ra et les diodes) est
d’un ordre de grandeur infe´rieur au bruit physiologique mesure´.
Pour ce qui est du bruit physiologique, les figures 4.1 et 4.2 montrent que le RSB est tre`s
variable d’un rat a` l’autre. Deux causes simultane´es venaient diminuer le RSB. Certains rats
avaient un signal d’amplitude tre`s faible et d’autres avaient un bruit physiologique tre`s e´leve´.
Selon les expe´riences, le RSB pouvant passer d’une valeur de 1 a` 20. Dans le cadre de nos
expe´riences, les donne´es ayant un RSB infe´rieur a` 5 e´taient habituellement mises de coˆte´.
4.6 Observations utiles
4.6.1 Choix de l’anesthe´siant
L’anesthe´siant utilise´ dans les expe´riences a toujours e´te´ l’α-chloralose. Celui-ci est utilise´
pour conserver la re´ponse neuronale et la re´activite´ vasculaire (Bonvento et al., 1994). De
plus, il e´tait possible d’injecter l’anesthe´siant en continu, ce qui permettait d’avoir une pre´pa-
ration stable dans le temps. Toutefois, cet anesthe´siant a un tre`s faible pouvoir analge´sique,
si bien que le comite´ e´thique de l’hoˆpital du Sacre´-Coeur de Montre´al envisage d’interdire
l’α-chloralose. Un anesthe´siant de rechange sera donc a` envisager. Franceschini et al. (2010)
de´crit l’effet de plusieurs anesthe´siants sur l’activite´ neuronale, ce qui est une bonne base
pour trouver un anesthe´siant de remplacement. Parmi ces anesthe´siants, l’isoflurane semble
eˆtre celui qui conserve la plus grosse re´ponse he´modynamique. Pour faire les enregistrements
neuronaux, il faut toutefois utiliser une faible concentration d’anesthe´siant. Une seule expe´-
rience a e´te´ effectue´e et le degre´ d’anesthe´sie e´tait difficile a` maintenir stable. Le rat peut donc
se re´veiller tre`s rapidement ce qui est proble´matique vue la situation du rat dans l’appareil
ste´re´otaxique et complique le de´roulement d’une expe´rience.
4.6.2 Utilisation on non du pancuronium
Les premie`res expe´riences sur les rats sous RC e´taient effectue´es sous pancuronium. C’est
un paralysant musculaire qui e´vite d’avoir des artefacts de mouvement lors des stimulations
e´lectriques et inhibe la respiration naturelle du rat.
4.6.2.1 Impact de la stimulation e´lectrique
Toutes les stimulations de le patte sont effectue´es pre`s du seuil musculaire, le mouvement
de la patte demeure tre`s faible et ne produit pas d’artefact visible dans les enregistrements
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dans le cerveau. Lors des enregistrements de la moelle e´pinie`re, les stimulations e´lectriques
du nerf sciatique produisaient de gros mouvements des pattes et de la moelle e´pinie`re ce qui
compliquait l’analyse des re´sultats. Les stimulations e´lectriques de la patte arrie`re produi-
saient aussi un mouvement mais de plus faible amplitude qui ne geˆnait habituellement pas
les enregistrements.
Lors des stimulations e´lectriques, la proce´dure implique de de´terminer le seuil musculaire
et d’injecter le pancuronium par la suite. Ce dernier empeˆche d’observer les contractions
musculaires, ce qui est proble´matique : 1) si l’e´lectrode de stimulation est de´place´e, 2) si le
stimulateur est de´fectueux ou, 3) si le seuil musculaire change en cours d’expe´rience.
4.6.2.2 Impact sur la respiration
Les mesures d’IOI sont tre`s sensibles au degre´ d’oxyge´nation du rat. Le pancuronium
inhibant le re´flexe de respiration, le rat peut se retrouver rapidement en hypoxe´mie ou en
d’hyperoxe´mie. De plus, le me´tabolisme du rat change durant une expe´rience, si bien que les
parame`tres de respirations avant l’injection du pancuronium ne sont pas une indication des
parame`tres de respiration a` conserver durant le reste de l’expe´rience. Selon nos expe´riences,
le niveau de CO2 expire´ n’est pas non plus un tre`s bon indicateur du degre´ d’oxyge´nation du
rat.
A` moins d’avoir une bonne mesure de la saturation d’oxyge`ne du rat, le pancuronium ne
devrait pas eˆtre utilise´. Un oxyme`tre pourrait permettre d’utiliser de nouveau le pancuronium,
ce qui pourrait peut-eˆtre aider a` controˆler les oscillations, mais il est pour l’instant difficile
de tirer des conclusions vue la pie`tre qualite´ des re´sultats obtenus par deux oxyme`tres teste´s
a` Sacre´-Coeur.
4.6.3 Controˆle de la stimulation
4.6.3.1 Stimulation du nerf sciatique
Pour des raisons historiques, les premie`res stimulations e´taient effectue´es sur le nerf scia-
tique. Ces stimulations e´taient difficilement ajustables car, pre`s du seuil musculaire du nerf
sciatique, une petite augmentation de courant provoque une tre`s grosse augmentation de la
contraction musculaire. Les stimulations du nerf sciatique produisaient de faibles re´ponses
he´modynamiques en plus de produire une augmentation importante de la pression et du
rythme cardiaque. Ces stimulations sont donc a` e´viter.
39
4.6.3.2 Ajustement de l’intensite´ de la stimulation
Les effets des stimulations de dure´es et de fre´quences diffe´rentes sur la re´ponse he´mody-
namique ont e´te´ pre´sente´s a` la section 2.5.3. Dans notre cas, les expe´riences ont e´te´ effectue´es
en utilisant des intensite´s pre`s du seuil musculaire. Il est a` noter que la re´ponse neuronale
(e´lectrophysiologique) e´tait visible pour des intensite´s de stimulation e´quivalant au tier du
seuil musculaire. Toutefois, dans ces conditions, le RSB est tre`s faible ce qui complique l’ana-
lyse des re´sultats. Pre`s du seuil musculaire, les stimulations de la patte avant produisent peu
de changements physiologiques (rythme cardiaque et pression sanguine). Les stimulations
des pattes arrie`res semblaient stimuler le nerf sciatique et produisaient souvent des change-
ments physiologiques. Les stimulations ont donc e´te´ mises de coˆte´ pour faciliter l’analyse des
re´sultats.
Certains rats n’avaient pas ou tre`s peu de re´ponse he´modynamique. Dans ces conditions,
le fait d’augmenter (doubler) le seuil de stimulation avait habituellement peu d’effet. Il semble
donc que certains rats ne soient pas dans un e´tat re´ceptif aux stimulations e´lectriques mais
la cause reste ambigu¨e.
4.6.4 Taux de succe`s des expe´riences d’IOI
Les articles d’IOI indiquent habituellement dans la me´thodologie un nombre de rats uti-
lise´s qui est e´gal au nombre de rats pre´sente´s dans les tableaux. Toutefois, la technique d’IOI
n’est pas une technique infaillible et le succe`s d’une expe´rience effectue´e par un utilisateur
expe´rimente´ ne de´passait pas 80%. Ces re´sultats semblent similaires a` ce qui est obtenu par
d’autres groupes de recherche (information recueillie lors de discussions informelles).
Les causes d’e´chec peuvent eˆtre nombreuses :
1. Chirurgie trop longue ;
2. Mauvaise ventilation du rat durant la chirurgie ou lors de l’expe´rience ;
3. Mauvaise anesthe´sie du rat durant la chirurgie ou lors de l’expe´rience ;
4. Perte de sang importante lors de la chirurgie ;
5. Coma possible de l’animal.
En somme, ces situations se sont toutes pre´sente´es durant les 3 ans du doctorat et certains rats
ont donne´ d’excellents re´sultats malgre´ tout. A` l’oppose´, une pre´paration animale semblant
ide´ale pouvait ne produire aucun signal he´modynamique.
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4.6.4.1 Dure´e d’une expe´rience
Il est pre´fe´rable d’effectuer la chirurgie et l’enregistrement le plus rapidement possible
pour e´viter un stress inutile a` l’animal. Durant nos expe´riences, la pression sanguine et le
rythme cardiaque diminuait habituellement de fac¸on assez line´aire durant toute l’expe´rience
(diminuant de 10 a` 30 mmHg sur 3 heures). Ce comportement semble indiquer qu’il y a
une trop grande injection d’anesthe´siant. Toutefois, l’α-chloralose a un long temps d’action
et le fait d’arreˆter l’injection d’anesthe´siant pendant plus de 30 minutes n’affectait que tre`s
le´ge`rement le rythme cardiaque et la pression sanguine. Meˆme pour un degre´ d’anesthe´sie plus
faible, il semble que la condition du rat se de´te´riore avec le temps (lα-chloralose de´te´riorerait
les reins) ce qui incite a` faire les expe´riences le plus rapidement possible.
Toutefois, il est possible d’obtenir de bons re´sultats apre`s 3 heures d’expe´riences pour
certains rats. De plus, en changeant les parame`tres de respiration, il a e´te´ possible d’obtenir
une re´ponse he´modynamique apre`s 2 heures d’enregistrement infructueux. Ce re´sultat est en
accord avec des mesures effectue´es chez le rat dans le laboratoire de Christian Casanova ou`
des re´ponses he´modynamiques apparaissent apre`s plusieurs heures d’essais infructueux.
4.7 Conclusion
Tout au long du doctorat, nous avons tente´ d’uniformiser la proce´dure d’enregistrement.
Dans les dernie`res expe´riences, deux points sont reste´s a` la discre´tion de l’utilisateur et
pourraient induire un biais dans le traitement des donne´es : le choix de la RI et les parame`tres
de ventilation et d’anesthe´siant.
Le choix de la RI e´tant fait manuellement, il serait utile d’uniformiser cette proce´dure
meˆme s’il a e´te´ mentionne´ que cet aspect avait un effet ne´gligeable sur les donne´es. Le
plus gros proble`me rencontre´ re´side dans la qualite´ des mesures. Il y a un compromis a`
faire entre l’uniformisation des proce´dures et le taux de succe`s des expe´riences (RSB). Les
parame`tres de ventilation et d’anesthe´sie e´taient souvent change´s en cours d’expe´rience pour
tenter d’ame´liorer le RSB, ce qui a pu induire une plus grande variabilite´ dans l’e´tat des
animaux.
A` l’avenir, tout ce qui pourra eˆtre fait pour re´duire le bruit physiologique (principale-
ment les oscillations) aidera lors de l’analyse des re´sultats. Il serait avantageux de continuer
d’ame´liorer les parame`tres d’oxyge´nation du rat en optimisant la ventilation et en utilisant un
oxyme`tre de pouls efficace. L’autre avenue serait d’optimiser le degre´ d’anesthe´sie ou d’utiliser
un autre anesthe´siant. Il serait aussi ne´cessaire de toujours avoir un signal he´modynamique
de haute amplitude, mais la fac¸on d’y arriver est difficile a` imaginer.
La dernie`re e´tape d’ame´lioration envisageable est d’ame´liorer le traitement mathe´matique.
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Pour ce faire, SPM semble le choix ide´al. Le seul inconve´nient est le temps requis pour
effectuer la programmation et le traitement des donne´es.
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CHAPITRE 5
Couplage ce´re´bre´vasculaire chez le rat Lou/c : un mode`le de vieillissement
re´ussi
5.1 Description de l’article
Cet article a e´te´ soumis a` Neuroimage en de´cembre 2010, a e´te´ publie´ en juin 2011. Cet
article traite principalement des changements he´modynamiques mesure´s par imagerie op-
tique intrinse`que au cours du vieillissement chez le rat LOU/c/RQRV. Plusieurs mesures de
re´ponses he´modynamiques ont e´te´ effectue´es chez l’humain dans le cadre du vieillissement,
mais celles-ci sont ge´ne´ralement partielles et ne permettent pas d’enregistrer plusieurs va-
riables de la re´ponse he´modynamique simultane´ment. En utilisant le montage d’IOI, il a e´te´
possible d’enregistrer les changements d’he´moglobine de de´oxyhe´moglobine, de de´bit sanguin
et d’activite´ neuronale (LFP) pour des stimulations de dure´es diffe´rentes. A` notre connais-
sance, cette e´tude est la premie`re qui utilise l’IOI pour e´tudier les changements de la re´ponse
he´modynamique au cours du vieillissement.
Dans cette e´tude, l’utilisation du rat LOU, un mode`le de vieillissement re´ussi, a l’avantage
de faciliter la gestion des anesthe´siants et de comparer les diffe´rents groupes d’aˆge puisque la
masse varie peu au cours du vieillissement. Par contre, en e´tudiant un mode`le de vieillissement
re´ussi, il est possible que les changements he´modynamiques soient plus faibles pour cette
souche que pour la souche de rat Wistar habituelle.
Les re´sultats montrent que les mesures d’IOI permettent d’enregistrer les changements
he´modynamiques dans le cadre du vieillissement tant du point de vue de l’amplitude de la
re´ponse, de la forme temporelle de la re´ponse he´modynamique que des modifications spatiales
de la re´ponse he´modynamique. Les principaux changements he´modynamiques sont de´ja` pre´-
sents dans le groupe d’aˆge de 24 mois et augmentent ensuite tre`s le´ge`rement pour le groupe
d’aˆge de 40 mois.
5.2 Cerebrovascular hemodynamic correlates of aging in the Lou/c rat: a model
of healthy aging
S. Dubeaua, G. Ferlandb,d, P. Gaudreauc, E. Beaumontd, F. Lesagea,e
a Electrical Engineering Department, Ecole Polytechnique Montre´al, Montreal, Quebec, Canada
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5.3 Abstract
The LOU/c rat is an inbred strain considered a model of healthy aging. It exhibits a longer
free disease lifespan and a low adiposity throughout life. While this animal model has been
shown to maintain eating behavior, and neuroendocrine, metabolic and cognitive functions
with age, no study has yet investigated vascular correlates in this model of healthy aging.
In the present work, multispectral optical imaging was used to investigate the hemodynamic
response in the somatosensory cortex of LOU/c rats following forepaw stimulation in three
age groups, 4, 24 and 40 months. Results indicate reduced hemodynamic responses in the
contralateral somatosensory cortex between young (4 months) and older groups following
stimulation. This decrease was associated with an increase in the spatial extent of activation.
The ipsilateral response did not change with aging leading to decreased laterality. Estimations
of the relative change in the local cerebral metabolic rate of oxygen during stimulation based
on multimodal data showed no significant change with age. The exponent describing the
relation between blood volume and blood flow changes, Grubb’s parameter, did display a
significant change with age which may suggest vessel compliance modifications. This work
finds its relevance in recent findings underlying the importance of vascular changes with aging
and its impact on neurodegenerative disease.
5.4 Introduction
Increased life expectancy is not always accompanied by an extension of healthy life but
rather is associated with increased age-related deficits, including cognitive impairment. Un-
derstanding the causes of these impairments is essential for the development of neuropro-
tective interventions. Equally important is the development of methods to identify, in vivo,
early biomarkers of neural changes. In this endeavor, brain imaging techniques based on
hemodynamics have a multifaceted role to play in view of the link between vascular changes
and cognitive functions. Although only certain domains of cognitive function are affected in
normal aging, age remains a powerful risk factor for the cognitive dysfunctions and late unset
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Alzheimer disease (AD) (Iadecola et al., 2009). It is also recognized that hypertension, aging
and AD are intertwined and a growing body of evidence is emerging, showing that vascular
dysfunction is a biomarker of ensuing neuronal dysfunction (Erkinjuntti and Gauthier, 2009;
Huettel et al., 2001; Iadecola, 2010).
Vascular correlates of cognitive impairments and dementias have long been observed in
humans (Nagai et al., 2010; Dickstein et al., 2010). In a randomized cognitive intervention,
increases in regional basal blood flow (CBF0) in the prefrontal cortex were related to im-
proved executive function cognitive performance in healthy 65-75 year-olds despite constant
gray matter volume (Mozolic, 2010). Memory performance was also recently correlated to
hippocampal CBF0 in healthy older adults (61-86 years) (Heo et al., 2010). Age-related differ-
ences in the hemodynamic response to functional activation observed in neuroimaging studies
are either a consequence of modified vascular reactivity or changes in neural and metabolic
response to stimuli, or both (Aizenstein et al., 2004; Ances et al., 2009; Restom et al., 2007;
D’Esposito et al., 2003; Eppinger et al., 2007; Fladby et al., 2004; Herrmann et al., 2006;
Langenecker et al., 2004; Mehagnoul-Schipper et al., 2002; Zysset et al., 2006). Aged brains
show less lateralized and less specific regions of activation (Lu et al., 2008; Li et al., 2009),
with greater response variability and noise (D’Esposito et al., 2003), and different effect sizes,
which may be attributed to brain atrophy, or increased spatial variability. Changes in the
temporal dynamics of the response have also been observed, though not consistently (Richter
and Richter, 2003).
However, limitations of various human brain imaging techniques have hampered our abil-
ity to quantify and disentangle the different causes of observed changes with aging. In
functional Magnetic Resonance Imaging (fMRI), Positron Emission Tomography (PET) and
optical imaging studies, assumptions on relationship between hemodynamic and metabolic
parameters are typically made (Buxton et al., 1998; Hyder et al., 1998; Jones et al., 2001).
Amongst those assumptions, the relationship between cerebral blood flow (CBF) and blood
volume (CBV) is typically constrained to derive metabolic estimations from fMRI as both
components are typically not measured simultaneously. Biophysical models of the hemo-
dynamic response support the hypothesis that this relation partly reports on the effective
Windkessel compliance in a given imaging voxel (Huppert et al., 2007). While a direct link
between the effective Windkessel compliance and microscopic vessels compliance has not
been established, it is not clear how previous assumptions on the CBF-CBV relation can be
translated in studies where vessel compliance may change, such as in the case of aging.
While most fMRI studies use the BOLD signal in healthy humans, the increased interest
in studying disease states and aging also led to the development of techniques to acquire
multiple surrogates of the hemodynamic response. For example, in humans, calibrated BOLD
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approaches have been developed to diminish the reliance on model assumptions (Hoge et al.,
2005; Lu et al., 2003; Kida et al., 2000). Changes in metabolism and anatomy with age
may influence the BOLD signal as it depends on CBF and cerebral metabolic rate of oxygen
consumption (CMRO2). The importance of BOLD signal calibration in aging is exemplified
by recent studies presenting conflicting results whereby some observed a decrease in the
magnitude of the BOLD signal with aging (Buckner et al., 2000; Raemaekers et al., 2006;
Tekes et al., 2005) while others did not observe significant differences (Aizenstein et al., 2004;
Huettel et al., 2001). Recent attempts at calibration used breath-holding normalization
to decrease data variability (Handwerker et al., 2007) or measures of CBF and models to
estimate CMRO2 (Restom et al., 2007). Few studies investigated calibrated signals in aging
with the notable exception of (Ances et al., 2001, 2009).
In animals, multispectral intrinsic optical imaging has been developed and combined
with measures of flow to enable the measurement of distinct hemodynamic components in
the same experiment (Jones et al., 2001; Culver et al., 2003; Durduran et al., 2004). In
particular, intrinsic and speckle flow optical imaging can be combined to gather simultaneous
data on blood flow, volume and oxygenation. Based on these measures, both the Grubb
relation (Grubb et al., 1974), describing the CBF-CBV relationship and CMRO2 can be
estimated from imaging data removing some of the ambiguities alluded to above (Dunn
et al., 2005). Optical techniques thus provide a platform to study aging in various animal
models.
Observations in humans described above find a parallel in animal models. Using imag-
ing techniques, structural alterations to the hippocampus were quantified with MRI in 3-24
months old Fisher 344xBrown Norway hybrid rats (Driscoll et al., 2006). Cerebral perfusion
has also been shown to be an indicator of cognitive impairment in rats (Mitschelen et al.,
2009). Few studies have directly investigated functional response and associated biomechan-
ical properties of cerebral vessels with aging.
Beyond anatomical and vascular changes, aging in humans is also associated with changes
in how the brain processes stimuli. Notably, a vast body of literature recently emerged in
humans demonstrating that aging is associated with a reduction in hemispheric asymme-
try. In the phenomenon described as Hemispheric Asymmetry Reduction in Older Adults
(HAROLD) (Cabeza, 2002), strongly left-lateralized activations of the frontal cortex in
younger adults evolve towards bilateral frontal activations in older adults with preserved
abilities. In other words, elderly people with preserved cognitive abilities activate not only
the left hemisphere but also homologous regions in the right hemisphere when they per-
form encoding memory tasks for example. Hemispheric asymmetry is however much less
documented in animal models. Biochemical markers were studied (Ramirez-San-Juan et al.,
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2008) and L/R asymmetry of cholinergic markers and their age dependence were found in
various brain structures (Kristofikova et al., 2004, 2010). We are not aware of any functional
imaging study investigating response asymmetry in rats.
The LOU/c rat, an inbred strain of Wistar origin, represents an animal model of healthy
aging. Salient features include longer lifespan free of disease, a low adiposity throughout
life and preserved neuroendocrine and metabolic functions (Veyrat-Durebex et al., 2005;
Alliot et al., 2002; Kappeler et al., 2004; Duque et al., 2009) and memory capacities when
compared to most laboratory rat strains (Kollen et al., 2010). While this model has been
characterized in terms of metabolic and hormonal functions, no study has yet investigated
vascular correlates. The experiments performed here aim to determine whether functional
responses, assessed in the anesthetized LOU/c rat, are modified with age and to characterize
the magnitude of these changes. Since our experimental approach allows the measurement
of multiple hemodynamic components and their dynamics, we extend these observations to
evaluate: 1) changes in metabolic rate of oxygen with aging, 2) estimations of the CBF-CBV
relationship as a function of age (Grubb relation) and, 3) changes in hemispheric asymmetry
with aging.
5.5 Material and methods
5.5.1 Animals and diet
Young (4-5 months), old (24-32) months and very-old (40-41 months) male and female
LOU/c rats were studied. They were obtained from the Aging LOU Rat Colony of the Quebec
Network for Research on Aging (RQRV: www.rqrv.com) (LOU/c/rqrv). The LOU/c/rqrv
(LOU) young females were virgins. Their ancestors were obtained at three months of age,
from Professor Josette Alliot’s colony (LOU/c/jall, University Blaise Pascal, Clairmont-
Ferrand, FR). Breeding was performed in the CHUM research center animal facilities since
then. Longevity characteristics of the LOU rats are similar to those previously reported (Al-
liot et al., 2002). The LOU rat colony is fed the same chow regimen as Professor Alliot’s
colony. After weaning at 21 days, rats are fed the R03 growing diet (6% fish protein, 20.2%
vegetable protein, 4.6% vitamins and mineral mixture, 69.2% cereals: 3.2 kcal/g) for three
weeks and subsequently with the R04 maintenance diet (4% fish protein, 8% vegetable pro-
tein, 4.1% vitamins and mineral mixture, 83.9% cereals: 2.9 kcal/g) (SAFE, Augy, FR).
They were kept in temperature (22 C˚), humidity (65%) and lighting-controlled rooms (12:12
light-dark cycle, light on at 07:00) and had free access to chow and water.
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Figure 5.1: Overview of the imaging and stimulation system. LEDs and the laser diode are
synchronized to the acquisition system so that each image corresponds to either a single wavelength
or laser illumination for speckle.
5.5.2 Surgical procedure
All procedures were conducted according to the recommendations of the Canadian Council
for Animal Care, and were approved by the animal ethics committee of Hoˆpital du Sacre´-
Coeur de Montre´al Research Center. A total of N=29 LOU rats were used: 12 young (Y,
4.9 ± 0.2 months, 6M, 6F), 10 old (O, 26.6±3.1 months, 4M, 6F) and 7 very old (VO,
40.7±0.2 months, 5M, 2F). The animals were initially anesthetized with isoflurane (5%) and
rectal temperature was monitored and maintained at 37oC with a heating blanket (Harvard
Apparatus Canada, St-Laurent, QC, CA). A catheter was inserted in the femoral artery to
monitor blood pressure and another one was inserted in the femoral vein for α-chloralose
injection (10g/L in saline, Sigma Aldrich, ON, CA).
Rats were mechanically ventilated (Kent Scientific, CT, USA) via a tracheotomy using
ambient air. Breathing rate was maintained around 50 ± 4/min using a constant pressure of
6.8 ± 0.3 mm H2O). End tidal expired CO2 concentration (Capstar, GENEC, QC, CA) and
heart rate (Nihon Kohden, Japan) were monitored continuously. Rats were then positioned
on a stereotaxic frame (WPI, FL, USA) fitted with atraumatic ear bars. A section of 1 cm2
over the skull was exposed and a region around bregma (AP: 0 mm, DV: 0mm, L: 3 mm
on each side) was thinned to translucency (approx. 0.2 mm) with a rotary tool bilaterally
on the cortex. Two needle electrodes were then inserted on each side of the left forepaw for
stimulation. The muscular excitation threshold was determined with a 0.3 ms pulse.
After the surgery, isoflurane administration was stopped and replaced with α-chloralose
(first a bolus of 50 mg/kg in 7 min, then 40 mg/kg/h) and time was allowed for the animal
to stabilize (10 min). Mineral oil was added to the exposed skull to prevent drying and to
facilitate camera focus. The rats were anesthetized for 4 h and sacrificed at the end of the
experiments. Serum and selected tissues were harvested for future use.
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5.5.3 Stimulation protocol
Stimulations were generated by an electrical stimulator (A-M system #2200, WA, USA)
with stimulation intensity controlled by custom Labview software. As a first step, the current
intensity associated with the muscular threshold was determined. During imaging, stimula-
tion current amplitude was fixed to 0.9 fold the measured muscular threshold (average 1.05
± 0.15 mA), and always maintained between 0.7 and 1.5 mA.
Each animal was subjected to two successive stimulation protocols . First two interlaced
trains of either three or six electrical pulses were used (3 Hz, 300 µs, 0.7-1.5 mA) to generate
1 s or 2 s stimulation trains. Stimulation trains were repeated every 20 s with a jitter of 3 s
to avoid systemic synchronization (e.g. Mayer waves (Julien, 2006)). Second, a longer train
of 30 electrical pulses (10 s) repeated every 30 s with a jitter of 3 s was applied. In both
protocols, stimulations were repeated 40 times.
5.5.4 Optical recording
The setup is illustrated in figure 5.1. The images were acquired with a 12 bits CCD
camera (CS3960DCL, Toshiba Teli, ON, CA) with a 1392×1040 resolution and a CCD pixel
size of 6.45 µm. A Labview interface (National Instruments, TX, USA) was used to control the
camera, record the images, synchronize the acquisition and electrical stimulation, and change
the illumination. A Nikkor Macro lens (f = 50 mm) was used to get an effective resolution
of 17.4 µm and a sufficiently small focal depth (350 µm). Lens focus was performed on veins
and arteries located at the surface of the somatosensory cortex. The camera aperture was
set to 5.6. Functional images were recorded with a multiple wavelength flashing illumination
(525, 590, 637 nm, respective half intensity bandwidth: 33, 10 and 13 nm) produced by high
power Light Emitting Diodes (LEDs, Optek Technologies, TX, USA). The illumination was
adjusted so that no part of the cortex saturated the camera for any of the wavelengths. For
laser speckle imaging, a near infrared 780 nm laser diode was used and the camera aperture
of 5.6 was such that the pixel size matched the speckle size (Briers, 2001; Briers et al., 1999).
The three illumination LEDs and laser were interlaced, leading to a final frame rate of 5 Hz
for each wavelength. The camera’s shutter speed was set at 10 ms.
5.5.5 Electrophysiology
Following the second stimulation protocol and optical imaging, the previously thinned
section of the skull was drilled with a #18 gauge needle and a microelectrode was inserted
in the somatosensory cortex (coordinates from bregma: AP: 0 mm, DV: 0 mm, L: 3 mm).
The first stimulation protocol was then repeated a second time and the Sensory Evoked
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Potentials (SEPs) were measured simultaneously with the IOI recordings. SEP recordings
were performed on 23 out of the 29 rats.
5.5.6 Image analysis
Given the small amplitudes of the optical signal variations, the 40 stimulations of 20 s
were averaged. The underlying hypothesis was that the expected signal is highly correlated to
the simulation while the surrounding physiological noise is not. For all recorded signals, the
baseline reflectance (R0) was first estimated by averaging the signal 3 s prior to stimulation
considering that the hemodynamic response from the previous stimulus had reached its resting
level. Variations with respect to this baseline were then averaged across all stimulations at
every spatial point.
5.5.7 Spectroscopic optical imaging
Spectroscopic imaging analysis is similar to previous published work (Dunn et al., 2003)
. In brief, reflectance signals from the LEDs are collected with the CCD camera and are
converted to changes in absorption ∆A=log(R/Ro). A pseudo-inverse and the modified
Beer-Lambert law is then used to extract relative changes in deoxyhemoglobin (HbR), and
oxyhemoglobin (HbO) using:
∆A(λ) =
∑
εi(λ)∆CiD(λ)
Where ∆A represents the changes in absorptions for the three principal wavelengths
used, [190] i and Ci are the molar extinction coefficients and concentrations for the two
principal chromophores (HbO and HbR). D(λ) is the differential path length factor, taking
into account the different path lengths travelled by light depending on the scattering and
absorption properties of tissue. D(λ) was taken from Dunn et al. (2005) and shorter and
longer wavelengths were extrapolated from Kohl et al. (2000). Baseline concentrations of 60
µM and 40 µM for HbO and HbR were assumed (Dunn et al., 2005).
Variations ∆A were first averaged over the 40 stimulations. Bloc averaged variations were
then further low pass filtered in time at 0.3 Hz (zero phase-shift fifth-order Butterworth filter)
to suppress high frequency noise mainly due to animal respiration.
5.5.8 Speckle imaging
Blood flow was computed by calculating the spatial fluctuations of the speckle produced
by the random mutual interferences of the coherent light originating from a laser diode.
Moving scatterers create a time varying speckle pattern. Integrated over the exposure time
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of the camera, these fluctuations induce a blur in the raw image that can be quantified by
the spatial contrast, defined as the ratio of the standard deviation to the mean intensity in a
given spatial area. The contrast depends on the autocovariance of the speckle pattern Ct(τ)
and on the exposure time of the camera T, and can be related to the correlation time τ c of the
speckle (Briers, 2001). The correlation time is inversely proportional to the mean velocity of
the scatterers ν. 5×5 pixel regions were used to calculate the contrast image and the relative
variation of the blood flow ∆ν/ν0 was obtained by the following formula (Dunn et al., 2001,
2005; Duncan and Kirkpatrick, 2008) :
C =
σ
〈I〉 , −2∆C/C0
∼= ∆v/v0 ∼= ∆CBF/CBF0
The value ∆ν/ν0 takes into account both static and moving scatterers and is not directly
related to CBF. Laser speckle imaging is thus expected to underestimate CBF by less than
5% (Luckl et al., 2010). This will not affect the conclusions of the comparison between
different groups performed below, so in the following both quantities were assumed to be
equal.
5.5.9 Grubb’s exponent
According to Grubb et al. (1974), CBF and cerebral blood volume (CBV) can be related
by a simple power law equation (the law estimated in the original paper was ). Under the
hypothesis of constant hematocrit (Sheth et al., 2004), the relation between CBF and CBV
can be computed from optical data and is expressed as:
G = log
(
∆HbT + HbT0
HbT0
)
/log
(
∆CBF + CBF0
CBF0
)
where G is the Grubb exponent.
5.5.10 Cerebral metabolic rate of oxygen consumption
The changes in the cerebral metabolic rate of oxygen consumption (CMRO2) were calcu-
lated from the images of CBF, total HbR and HbO using the relationship (Jones et al., 2001;
Mayhew et al., 2000):
1 +
∆CMRO2
CMRO2,0
=
(
1 +
∆CBF
CBF0
)(
1 + γR
∆HbR
HbR0
)(
1 + γT
∆HbT
HbT0
)−1
The subscript “0” indicate the baseline level and γr and γT are vascular weighting con-
stant accounting for the fact that changes in hemoglobin are recorded in arterial and venous
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compartment while equation (3 ) is defined only in the venous compartment. Values for the
vascular weight coefficients used in the computations below were fixed to 1. However, we also
varied the weighting coefficients between 0.5 to 1.5 to study their impact following previous
work (Dunn et al., 2005).
5.5.11 Statistical analysis
Parameters were compared between age groups by means of one-way ANOVA along with
post-hoc Tuckey-Kramer multiple comparisons test. P values <0.05 for ANOVA were con-
sidered as significant. Statistical significance of post-hoc analyses were defined as values
of P<0.05 (∗), P<0.01 (∗∗), and P<0.001 (∗∗∗). Student’s t test was used to compare sex
difference for each age group.
5.6 Results
A total of 29 animals were used in the experiments. The age and sex distribution is
shown in Table 1 along with weight and measured heart rate during experiments. Animals
were separated in three age groups, Young (Y), Old (O) and Very Old (VO).
5.6.1 General
Reflectance signals measured following electrical forepaw stimulation were converted to
HbO, HbR, and total hemoglobin (HbT) measurements. Typical results are shown in figure
5.2. Following a 1s electrical stimulation a very small increase in HbR was observed in a
localized part of the contralateral region of the brain around bregma (AP: 0 mm, DV: 0 mm,
L: 3 mm, figure 5.2B, 5.2C). This initial HbR response peaked around 1.1 s. A decrease in
HbR was subsequently observed on a larger section of the contralateral region peaking at 4.7
s. HbO, HbT and cerebral blood flow (CBF) responses were monophasic and peaking at 3.7,
2.9 and 2.9 s respectively (figure 5.2C). These results are consistent with expected data from
biophysical models of the hemodynamic response and are similar to results from other groups
Table 5.1: Age, sex, weight and heart rate (beat/min) of LOU rats used in the imaging experiments.
Heart rate was averaged over the experiment time period. Data were expressed as means ± SD
Y, female O, female VO, female Y, male O, male VO, male
N 6 6 2 6 4 5
age (months) 4.9±0.2 26.9±3 40.7±0.1 4.9±0.2 24.9±0.7 40.8±0.2
Body weight (g) 174±5 186±15 204±30 283±15 363±23 320±10
heart rate (bpm) 398±13 316±27 389±65 408±6 345±27 342±22
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measured in young Sprague-Dawley rats (Devor et al., 2003; Dunn et al., 2005; Huppert et al.,
2007). fMRI human studies (Handwerker et al., 2007) show a larger variability in aged groups.
In our data, the variability of weight and heart rhythm was higher in the aged cohorts. The
spatial extent was also more variable in the aged cohorts but this could be explained by lower
SNR. For the activation time and the maximum amplitude of the response, the variability
was similar between age groups. The amplitude of every hemodynamic component decreased
as a function of distance from the activation foci. figure 5.2D, shows the amplitude for the
HbO response as a function of distance to activation foci. A positive response was also
visible in the ipsilateral cortex although smaller in amplitude. figure 5.4B also show changes
in cardiac rhythm and blood pressure during stimulations to assess whether this was due
to systemic changes. No correlation was found between stimulation and cardiac rhythm or
blood pressure (see average over trials in figure 5.4B below) indicating that the cerebral
hemodynamic changes were likely initiated locally.
5.6.2 Amplitude of the cerebral hemodynamic response as a function of age
In the contralateral region, the amplitude of the hemodynamic response (defined in figure
5.3C) was shown to decrease with age (Figure 5.3A, 5.3B). This difference was larger in the
HbO component (from 9% to 3.9% between Y to VO in the 10 s stimulation), but was also
observed for HbR, CBF and HbT signals. The stepwise decrease in amplitude was greater
between the young and old rats than between old and very old (P<0.05). The age effect was
greater when longer stimulations (10 s) were used as they elicited more activity (figure 5.3B)
therefore minimizing the effect of physiological noise. No significant change in CMRO2 as a
function of age was observed. In CMRO2 estimates, modifying the range of γr and γt between
0.5–1.5 (data not shown), did not substantially change the spatial extent or the changes of
amplitude with age. Smaller values of γr and γtseem to generate more discriminated CMRO2
results with age but no statistical differences were observed.
5.6.3 Activation time
In order to measure vessel reactivity in a specific region of interest, we defined the ac-
tivation time as the time required for the signal to reach 50% of the maximum response
(see figure 5.3C for definition). We observed an increase in HbO and HbR activation time
with age (figure 5.3D, E). The difference was larger between the young and old rats than
between old and very old rats. The difference was statistically significant when compared
with young rats. A further increase in activation time between the old and very old rats was
observed that was not statistically significant for the 1s stimulation but was significant for
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Figure 5.2: A) Anatomical image recorded with illumination at 525 nm. Black dot correspond to
Bregma, bar: 1 mm. Red concentric circles refer to response data shown in D. B) Cerebral blood
flow (CBF, speckle contrast), HbO, HbR and HbT images after a forepaw stimulus (1s duration,
t=0s correspond to the onset of stimulation). The color scale is expressed as percentage signal
change relative to prestimulus baseline (∆R/R0, or ∆C/C 0 for flow). Time (in seconds) relative
to stimulus onset is indicated above the images. Forty trials were averaged. We assumed baseline
concentrations of 60 and 40 µ M for HbO and HbR, respectively. C) Typical temporal profiles of
blood flow, HbO, HbR, and HbT changes (% of baseline) for the region of activation in response
to 1 s forepaw stimulus (t=0s indicates stimulation onset). Data were expressed as means ± SEM
of 29 rats. D) HbO response at different distances from the center of activation in a single animal
(circles shown in A). The black bar represents the stimulation period.
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Figure 5.3: A-B) Maximum amplitude change in the region of activation following forepaw stim-
ulation. 1s 3Hz 0.3 ms pulses and 10s 3Hz 0.3 ms pulses respectively. C) Definition of amplitude
and activation time (arrows) in a typical signal. D-E) Time to reach half of the maximum response
following forepaw stimulation. 1s 3Hz 0.3 ms and 10s 3Hz 0.3 ms pulses respectively. F) Typical
SEP recorded during 2 second stimulation at 3 Hz. Inset, zoom showing the electrical stimuli ar-
tifact and the SEP response. Bottom: Activation time of the SEP response as a function of age
Anova: τ : P<0.05 ττ : P<0.01. Group comparaison (Tukey-Kramer HSD) *:P<0.05, ** P<0.01.
Data were expressed as means ± SEM
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the 10s stimulation (figure 5.3E). The activation time was not as clearly affected by aging in
the CBF signals. The higher variability of the speckle imaging technique may explain this
difference.
Activation delay in SEP was also measured and decreased with ageing (figure 5.3F) and
clearly did not account for the hemodynamic observations since the maximum change across
groups was less than 3 ms.
One-way ANOVAs confirmed a relation between a) age and amplitude (figure 5.3A, 5.3B)
b) age and activation time (figure 5.3D, 3E). To investigate potential interactions, two-way
ANOVAs were also performed on activation time with two discriminating factors (age: three
groups and amplitude: two groups). Age was shown to be a significant factor while amplitude
was not. No interaction between both factors emerged from the analysis. Finally the intra-
group variability was observed to be larger for HbR. While the half time to peak response
in HbO did not show intra-group variability, the return to baseline was observed to have a
large variance (standard deviation=2.5 s).
5.6.4 Impact of sex and weight
Sex has been documented to impact body weight, protein consumption, muscle mass and
general activity in this animal model as a function of age (Alliot et al., 2002). To evaluate
whether the cerebral hemodynamic response varied with sex, we performed a mixed two-factor
ANOVA to evaluate the combined effects of age (three levels) and sex (two levels). Results
showed no effect of sex and no interaction between sex and age except for an interaction
measured for the amplitude of HbR.
Since weight increase with age and that anesthesia can be affected by body weight, a
one-way ANOVA for weight was performed and no difference could be attributed to weight.
A two-way ANOVA was also performed with weight (3 groups) and age (3 groups) and only
age was seen to affect the response amplitude and activation time while weight had no effect.
Table 2: P-values for mixed two-way ANOVAs accounting for the two pairs age -sex and
age-weight. Bold values are significant p<0.05.
5.6.5 Ipsi/Contralateral response
The cerebral hemodynamic response in the ispilateral region was compared with that of
the contralateral region as a function of age. No significant differences were observed in the
shape of the response between the two regions or the delay of activation (figure 5.4A). In the
contralateral region, the amplitude of the response to stimuli decreased with aging (P<0.001).
In the ipsilateral region, no statistically significant change of amplitude was observed between
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Figure 5.4: A) HBO response following 1s stimulation (Error bars represent standard error of the
mean across animals n=29). Left: ipsi and contralateral responses at sites of maximal activation.
B): Changes in cardiac rhythm (averaged over stimulations) showing changes less than 0.15% in
cardiac rhythm, i.e. not discernible, following forepaw stimulation. Data were expressed as means
± SEM of 29 rats C): Maximal amplitude of the HBO response (percent change) following forepaw
stimulation in both ipsi and contralateral regions (1s stimulation 3 Hz, 0.3 ms). D): HbO response
ratio Ipsi/Contra for the region having the maximum amplitude on each side and for a region having
the median response on each side of the brain. ANOVA: τ : P<0.05 ττ : P<0.01. Group comparison
(Tukey-Kramer HSD) *:P<0.05, ** P<0.01. Data were expressed as means ± SEM
57
Table 5.2: P-values for mixed two-way ANOVAs accounting for age and sex. Bold values are
significant. Data were expressed as means ± SD
Age Sex Age * Sex Age Weight Age * weight
HbO amplitude <0.001 0.816 0.288 0.004 0.86 0.900
HbR amplitude 0.001 0.392 0.017 0.013 0.369 0.389
HbT amplitude <0.001 0.984 0.469 0.004 0.954 0.935
CBF amplitude 0.022 0.870 0.595 0.136 0.742 0.804
HbO activation time <0.001 0.246 0.973 0.005 0.687 0.473
HbR activation time 0.003 0.777 0.346 0.001 0.957 0.580
HbT activation time 0.014 0.177 0.928 0.062 0.837 0.384
CBF activation time 0.072 0.509 0.323 0.113 0.765 0.439
age groups (figure 5.4C for HbO). However, in all groups and for all hemodynamic compo-
nents, the ipsilateral response remained smaller in amplitude than the contralateral response.
To investigate whether the response to activation was more lateralized at a young age, ampli-
tude ratios between ipsilateral and contralateral regions were computed. figure 5.4D shows
the results of this ratio for HbO in all age groups. For each hemodynamic component (HbO,
HbR, CBF, HbT) the ratio was computed by generating a probability distribution function
(PDF) around the maximal value in each hemisphere and choosing points at 95% of the
maximum. This measure was adequate for the group statistics as it removed the necessity
to define individual ROIs. Results (figure 5.4D) showed that the ratio was higher in O and
VO rats compared to Y. To validate whether this was due to a hemodynamic response that
became less localized with age, the same ratio were computed but instead of taking the region
of maximum amplitude (95% of the maximum of the PDF), it was measured in the region
representing the median amplitude change (50% of the maximum of the PDF). The results
were similar: the median amplitude decreased faster with age in the contralateral region
than in the ipsilateral region (figure 5.4D). A statistically significant change in the ratio was
observed between young and aged (O and VO) that became more significant when using
the 50% measure (figure 5.4D). While the presence of a response in the ipsilateral region
could have indicated the presence of a systemic response, we measured the blood pressure
and heart rhythm (figure 5.4B) and did not see any correlation between theses parameters
and the stimulation paradigm. Electrophysiological recordings were also performed in the
contralateral region in most of the rats (N=23, data not shown) confirming the localization
of the response. In one rat, the electrode was positioned in the ipsilateral region and a
small-evoked neuronal activity was measured correlating with measures of the hemodynamic
response in the ipsilateral region.
The results presented for HbO in figure 5.4 extend to other hemodynamic components
58
and to the type of stimuli (data not shown). In all cases, the maximum amplitude of the
response decreased faster with age in the contralateral region than in the ispilateral region.
5.6.6 Spatial extent and aging
The spatial extent of the hemodynamic responses was analyzed for all stimulations (1, 2
and 10s) in the contralateral hemisphere. It was defined as the area exhibiting a response of
50% of the maximum value for each hemodynamic component.
Within an age group, the spatial extent exhibited a large variability. This variability was
not correlated to any measured physiological parameter but a correlation was present between
the spatial extents of all hemodynamic parameters (a large HbO spatial extent resulted in a
large HbR spatial extent). With aging, HbO and HbT spatial extents displayed a significant
increase between Y and VO (figure 5.5A, 5B) with the response measured to be less localized
in older animals. This observation was confirmed for all type of stimulations used. For HbR
and CBF, the results did not show any significant changes.
5.6.7 Hemodynamic ratios and Grubb’s exponent
Hemodynamic changes were quantified in terms of amplitude, spatial extent and timing
but the access provided by multi-spectral optical imaging to all components of the response
enabled to build ratios that inform on the neurovascular coupling locally. Ratios of the
various measures performed here were computed at the maximal amplitude (figure 5.5C,
5.5D) and for distinct stimulations. The Grubb exponent was computed at the end of the 10
s stimulation (figure 5.5E) to be able to compare with separate steady-state measures from
the literature (Grubb et al., 1974; Jones et al., 2001; Leung et al., 2009). The flow-CMRO2
ratio (called “n” in Leontiev and Buxton (2007) was also computed.
While the amplitude of all hemodynamic parameters was observed to decrease with aging
(figure 5.3A,5.3B), this diminution was not uniform across hemodynamic components i.e.
HbO, HbT and CBF amplitudes decreased similarly with aging while the HbR component
did not decrease proportionally (figure 5.5C, 5.5D). This observation is also reflected in
the CMRO2 computations which show no significant change with age (figure 5.3A, 5.3B).
Stimulus duration had an impact as the ratios HbT/HbR and HbO/HbR display different
behavior with age for the 1s and 10s stimulations. Finally, the Grubb ratio had a statistically
significant decrease with age.
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Figure 5.5: A) Calculated spatial extent (in percent of the recorded contralateral region) of each
hemodynamic parameter. B) Representative data of the spatial extent for HBO in three age groups.
C-D) Hemodynamic parameters response amplitude ratio for the region of activation: 1s 3Hz 0.3
ms and 10s 3Hz 0.3 ms. E-F) Grubb’s exponent and n ( CBF/CMRO2 ratio) as a function of aging
evaluated in steady state (stim: 10s 3Hz 0.3 ms). . Statistic: Anova: τ : P<0.05 ττ : P<0.01.
Group comparison (Tukey-Kramer HSD) *:P<0.05, ** P<0.01. Data were expressed as means ±
SEM
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5.7 Discussion
No study has yet explored cerebrovascular hemodynamic changes in the aging LOU/c.
The main goal was therefore to quantify potential vascular changes, if any, as a function
of age in this model of healthy aging. Hemodynamic parameters were measured in the so-
matosensory cortex during forepaw stimulation using multispectral intrinsic optical imaging.
Microvascular morphologic changes are known to be associated with normal aging (Riddle
et al., 2003; Moody et al., 1997) such as thinning of endothelium and thickening of basement
membrane. Changes in capillary density, diameter, tortuosity, surface area, and volume
fraction, were reported, though not entirely consistent (Kalaria, 1996). Windkessel dysfunc-
tion (Henry-Feugeas et al., 2008) and loss of pulsatility and distensibility (Stoquart-ElSankari
et al., 2007) have also been reported. Hajdu et al. (1990) studied the stress-strain relation
and elastic modulus of pial arterioles in rats and found age-related reduced cross-section
and distensibility, caused by losses of elastic components in vessel wall (smooth muscle and
elastin). The relation between these vascular changes and impairments associated with age
has not been investigated thoroughly and a cause-effect relation remains elusive.
Our results show reduced amplitude in all components of the hemodynamic response
to forepaw stimulation. Previous studies have shown that Lou/c rats represent a model
of healthy aging with cognition and synaptic plasticity (Kollen et al., 2010), metabolic and
neuroendocrine functions (Perrin et al., 2003; Alliot et al., 2002; Kappeler et al., 2004; Veyrat-
Durebex et al., 2005) and memory capacity being preserved with age, at least up to 24 months.
Here, vascular changes were observed at 24 months with smaller incremental changes as the
animals aged beyond 24 months. Two factors may account for these results: first it is known
that baseline blood flow is a major determinant of the hemodynamic response amplitude.
Since baseline flow is expected to decrease with age, the evoked responses amplitude reduction
may be partially due to systemic effects associated with baseline physiology. Second, as
mentioned above, it is observed that age reduces the vascular density in the brain. Age
related brain atrophy, associated cortical thinning and decreases in cerebral blood volumes
may also contribute to the reduced amplitude of the response observed both on the HbT and
CBF component.
The optical measures performed in this work confirmed a decrease of the hemodynamic
response amplitude and increase in spatial extent observed in humans with age (Solbakk
et al., 2008). While these observations agreed at the site to which the forepaw activation
projected, this decrease in amplitude with age was not observed ipsilateral to stimulation.
This was the most surprising observation of this work. No systemic cause for this ipsilat-
eral activity could be found in our data. One hypothesis explaining this observation is that
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cortico-cortical or cortico-thalamus-cortical connections are preserved with age while the so-
matosensory pathway deteriorates. However CMRO2 estimations, a measure that is believed
to be closer to neuronal activity, reveal no significant change with age when compared to
other hemodynamic parameters. This would suggest that neuronal activity is preserved even
in the contralateral cortex where hemodynamic measures vary. Thus a second hypothesis
could be that neuronal activation is preserved but that the local neurovascular coupling is
modified, or that local vessel density, and associated perfusion changes are diminished when
strong local activation occurs. Amplitude changes with age were more apparent with longer
stimulations supporting the latter hypothesis as these stimuli elicited larger hemodynamic
changes.
Changes in the hemodynamic delay were consistently observed that may either reflect a
change in the vessel tortuosity or a change in the neurovascular coupling through neurotrans-
mitters associated with vessel dilatation. Both effects might be intertwined since diffusion
of vasodilators in neuronal tissue may have a different dynamics when capillary density is
decreased. Other factors that may affect this delay are changes in physical properties of the
arterioles such as the elastin content. The observed temporal changes could not be explained
by electrophysiological measures, even if these measures also saw increased latency with age.
The increase in spatial extent occurred concurrently with a decrease of the amplitude of
the response, so it is difficult to determine which comes first. The HbR response displayed a
spatial extent that did not change significantly with aging. For HbO and HbT, the increased
spatial extent with age may either originate in a wider neuronal recruitment or changes in
the topology of the vascular bed or its distensibility. The close relationship between HbR
and neuronal activation seem to favor a change in the vascular component.
Hemodynamic ratios were computed to see if reduced amplitudes were similar along all
components. HbO and HbR were observed to have different amplitude changes with aging.
To investigate the origin of this change, CMRO2 changes were estimated from the multi-
spectral data and were not shown to vary with age. This result is consistent with calibrated
fMRI in humans showing no differences in CMRO2 changes with aging (Ances et al., 2009).
Baseline CMRO2 was not measured and many PET studies have shown a decrease in baseline
CMRO2 with aging (Takada et al., 1992; Ishii et al., 1996; Burns and Tyrrell, 1992; Leenders
et al., 1990) though these findings remain controversial (Bentourkia et al., 2000; Tumeh et al.,
2007). Since CMRO2 is expected to be closer to neuronal activity, our results suggest that
the changes observed are mainly due to vascular effects. To further confirm, Grubb’s ratio
was evaluated. The values obtained were consistent with the literature (Grubb et al., 1974;
Jones et al., 2001; Leung et al., 2009). The increasing ratio CBF/HbT with age may indi-
cate that vessel become less compliant though the direct relation between Grubb’s exponent
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and microscopic vessel compliance has to be understood in the context of phenomenological
biophysical models and investigated further. To our knowledge, this is the first measure of
this exponent as a function of age. In view of these results, one should remain cautious
in the interpretation of human BOLD data in the context of aging when calibration is not
performed.
The afferent pathway of the response measured here is composed of somatic group ii, iii
and iv afferent nerves and the efferent nerve pathway includes the pelvic parasympathetic
cholinergic vasodilator nerves. The sensitivity of these systems may be affected by age (David-
Jurgens et al., 2008; Godde et al., 2002) and thus play a role in the observed optical signal
decrease and spatial extent increase with age. In David-Jurgens et al. (2008), changes were
observed to be distinct between forepaw and hindpaw stimulations providing evidence against
a neural degeneration process on a global scale. Our CMRO2 estimates may support this
conclusion however more work is needed to investigate the role of neural degeneration on the
hemodynamic response.
The interpretation in this work is subject to confound that may also contribute to the
changes observed. It is known that the size of the brain changes with aging and previous
work has shown that diffusion of light by brain tissue increases with age. This increase
may contribute to changes in the diffusion path length factor as a function of age. This
would reflect itself in the amplitude changes and were not accounted for in this study. The
effect of anesthetic (α-chloralose) may be different depending on age and weight. We did
control the physiological parameters (expired CO2, heart rate, blood pressure and ventilation
parameters) and adjusted the anesthesia level to obtain the same physiological parameters
for all rats. We measured the weight before the experiment and the quantity of α-chloralose
was adjusted using a linear relationship. Between 5 and 24 months, the weight difference was
6% for the female group and 30% for the male group. Elsewhere, Perrin measured a similar
increase of 30% for LOU/c rats compared to 47% for Wistar rats (Perrin et al., 2003). This
smaller increase in weight with age was expected to make our data less sensitive to changes
in anesthesia which was supported by ANOVAs including weight as a factor.
The CMRO2 response was calculated from the measured changes in CBF, HbR, and HbT
by assuming values for the vascular weighting constants, γr and γt, as well as the baseline
concentrations of HbO and HbR. These estimations are thus dependent on these assumed
parameters and they were varied to see how they affect the response and its spatial extent.
As in Dunn et al. (2005), we observed that the calculated spatial extent of CMRO2 change
by only a few percent over the range of γ= 0.5–1.5, which spans the expected physiologic
range for γr and γt (Jones et al., 2001), suggesting that the vascular weighting constants do
not substantially influence the spatial extent of the calculated CMRO2 response. We also
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calculated the maximum CMRO2 amplitude change in the region of activation for γr and
γt ranging from 0.5 to 1.5. Small values of γr and γtseem to generate more discriminated
CMRO2results with age, but these changes did not produce significant differences.
5.8 Conclusion
In this paper, we investigated hemodynamic changes occurring with age in the LOU/c
rats. Our results show that hemodynamic changes are already measurable at 24 months
in this rat strain. Using forepaw stimulations, responses amplitude of most hemodynamic
parameters were shown to decrease while the timing of the responses increased. Moreover, in
this specific configuration, increased laterality of the response with age was due to a decrease
of the contralateral response while the ipsilateral response was left unchanged. Changes
in individual hemodynamic components were such that CMRO2 estimations did not show
any significant changes while the Grubb exponent did change with aging. In this model of
healthy aging, these results are hypothesized to be due to vascular changes (both in terms of
anatomical density and function, e.g. compliance). However, histological and neurochemical
studies will be needed both at the levels of nerve afferences and somatosensory cortex to
examine whether or not neural degenerative processes are participating to the hemodynamic
changes observed in 24-month-old animals.
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CHAPITRE 6
Estimation des parame`tres neurovasculaires a` l’aide de mode`les biophysiques
dans un mode`le re´ussi du vieillissement chez le rat
6.1 Description de l’article
Cet article a e´te´ soumis a` Neuroimage en mars 2011 et a e´te´ publie´ en aouˆt 2011. Cet
article traite principalement de l’utilisation de mode`les biome´caniques pour extraire des para-
me`tres physiologiques de la re´ponse he´modynamique pour comparer ensuite ces valeurs entre
des populations d’aˆges diffe´rents. L’approche consiste a` utiliser trois mode`les biome´caniques
diffe´rents pour reproduire les courbes de re´ponses he´modynamiques obtenues expe´rimenta-
lement sur une population de rat LOU a` trois stades de vieillissement. L’utilisation de trois
mode`les de complexite´ diffe´rente nous permet de de´terminer si un mode`le permet de mieux
mode´liser les re´ponses he´modynamiques et permet d’extraire les parame`tres physiologiques
avec une bonne pre´cision. Une premie`re partie effectue des simulations de plusieurs courbes
de re´ponses he´modynamiques et e´tudie l’identifiabilite´ des diffe´rents parame`tres pour des ni-
veaux de bruits diffe´rents. La seconde partie utilise les mode`les biome´caniques pour extraire
les diffe´rents parame`tres physiologiques a` partir de la re´ponse he´modynamique.
Les re´sultats montrent que les trois mode`les biome´caniques permettent tous de bien mo-
de´liser la re´ponse he´modynamique et que les trois mode`les sont de performance e´gale (du
point de vue de l’erreur quadratique moyenne et de la log e´vidence). Il est montre´ que dans
les trois mode`les, l’estimabilite´ des parame`tres est grandement affecte´e par le niveau de bruit
des mesures. A` travers les re´sultats des simulations, l’article peut donc aider a` de´terminer le
nombre d’animaux ne´cessaires pour obtenir des diffe´rences significatives dans l’e´laboration
d’un protocole expe´rimental. Malgre´ un niveau de bruit assez e´leve´ dans les expe´riences, les
re´sultats montrent que les trois mode`les donnent des estime´s de parame`tres physiologiques
qui sont assez semblables. Meˆme si les valeurs estime´es diffe`rent d’un mode`le a` l’autre, les
trois mode`les affichent les meˆmes tendances au cours du vieillissement. Le mode`le de Boas-
Huppert, meˆme s’il contient plus de parame`tres, permet de retrouver des mesures au repos
et les re´sultats sont en accord avec les changements vasculaires durant le vieillissement. Un
inte´reˆt de cette e´tude est d’utiliser la mode´lisation pour obtenir des parame`tres qui ont une
interpre´tation physiologique claire. Comme ces parame`tres suivent les changements attendus
au cours du vieillissement, la mode´lisation pourrait eˆtre utilise´e pour diagnostiquer l’e´tat
vasculaire ce´re´bral chez l’animal et e´ventuellement chez l’humain.
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6.3 Abstract
Neuronal, vascular and metabolic factors result in a deterioration of the cerebral hemo-
dynamic response with age. The interpretation of neuroimaging studies in the context of
aging is rendered difficult due to the challenge in untangling the composite effect of these
modifications. In this work we integrate multimodal optical imaging in biophysical models
to investigate vascular and metabolic changes occurring in aging. Multispectral intrinsic op-
tical imaging of an animal model of healthy aging, the LOU/c rat, is used in combination
with somatosensory stimulation to study the modifications of the hemodynamic response
with increasing age. Results are fitted with three macroscopic biophysical models to extract
parameters, providing a phenomenological description of vascular and metabolic changes.
Our results show that 1) biophysical parameters are estimable from multimodal data and 2)
parameter estimates in this population change with aging.
6.4 Introduction
Cognitive decline of the elderly severely affects quality of life for millions of people, high-
lighting the need for a better understanding of the mechanisms of aging in the brain. Various
imaging techniques have been developed which allow probing brain activity and its vascular
and metabolic correlates in response to stimulus (Devor et al., 2003, 2008; Fox and Raichle,
1986; Vanzetta and Grinvald, 2008). In particular, invasive imaging of animal models provides
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a rich source of information by allowing extensive control on the experimental conditions. In
a recent study (Dubeau et al., 2011), we reported age-related changes in the hemodynamic
response measured in rats by multimodal optical imaging. This work will further explore
the nature of these changes and interpret them in the light of biophysical models. Aging is
normally associated with various systemic (Wang et al., 2010) and specific vascular changes.
In large arteries, possible changes in diameter, smooth muscle vascularisation, elastin and
collagen content, wall stiffness and stress, lead to increased flow pulsatility (Hashimoto and
Ito, 2009) that could threaten microcirculation particularly in organs which are highly per-
fused, such as the brain. Microvascular morphologic changes also accompany normal aging
(reviewed in Riddle et al. (2003)), such as thinning of endothelium and thickening of basement
membrane. Changes in capillary density, diameter, tortuosity, surface area, and volume frac-
tion, were reported, although not entirely consistent (reviewed by Kalaria (1996)). Aging has
also been associated with decreased cerebral regional baseline metabolic rate of glucose (CM-
Rglc) and oxygen (CMRO2) measured by positron emission tomography (PET) (Kalaria,
1996), although this finding remains controversial (Bentourkia et al., 2000; Tumeh et al.,
2007). In humans, regional baseline cerebral blood flow (CBF0) was found to decrease with
increasing age, although not always in a linear fashion, in studies using magnetic resonance
imaging (MRI) (Ances et al., 2009; Asllani et al., 2009; Parkes et al., 2004; Biagi et al., 2007;
Restom et al., 2007), single photon emission computed tomography (SPECT) (Slosman et al.,
2001) and PET (Bentourkia et al., 2000; Leenders et al., 1990). Age-related brain atrophy
through cortical thinning and ventricular enlargement as well as decreases in cerebral blood
volume (Zhang et al., 2010; Leenders et al., 1990) have also been reported.
In addition to, or as a consequence of these morphologic and physiological alterations,
age-related differences in cerebral responses to various types of stimuli were reported by many
functional imaging studies (Aizenstein et al., 2004; Ances et al., 2009; Restom et al., 2007;
D’Esposito et al., 2003; Eppinger et al., 2007; Fladby et al., 2004; Herrmann et al., 2006;
Langenecker et al., 2004; Mehagnoul-Schipper et al., 2002; Zysset et al., 2006). Also, in reac-
tion to various vasodilator agents. cerebral arteries have shown reduced vasodilator response
in aging (Gatto et al., 2007). Such impaired vascular reactivity could affect neuro-vascular
coupling and impact hemodynamics-based functional measurements (D’Esposito et al., 2003).
Few studies have directly investigated the biomechanical properties of cerebral vessels in ag-
ing; but ”Windkessel dysfunction” (Henry-Feugeas et al., 2008) and loss of pulsatility and
distensibility (Stoquart-ElSankari et al., 2007) have been reported. Hajdu et al. (1990) stud-
ied the stress-strain relation and elastic modulus of pial arterioles in rats and found age-related
reduced cross-section and distensibility, caused by loss of elastic components in vessel wall
(smooth muscle and elastin).
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Since many components affecting the hemodynamic response seem to be modified with
age, the interpretation of imaging studies of age is difficult (D’Esposito et al., 2003). In most
cases, this has limited researchers to descriptive statistics on their data. For untangling the
contributions of the different components from measured data, biophysical models describing
their interaction might provide a useful tool. In particular, biomechanical models of cerebral
vasculature offers an opportunity to explore this aspect of aging in the absence of alternative
direct methods for probing micro-vascular mechanics in vivo. Over the years several con-
tributions have been made to the modelization of cerebral neural, metabolic and vascular
couplings and their effect on measured functional signals (Mandeville et al., 1999; Buxton
et al., 2004; Zheng and Mayhew, 2009; Huppert et al., 2007; Friston, 2000; Boas et al., 2008;
Behzadi and Liu, 2005; Aubert et al., 2001; Zheng et al., 2002, 2010). However the link be-
tween the complex microscopic changes and macroscopic measures provided by neuroimaging
remains weak. When analyzing data at a macroscopic scale, simplifying phenomenological
models are often used, which ignore complex cerebral anatomy and ”lump” together vascular
compartments of different scales. Although these models are simplified portrays of complex
brain physiology, they have been shown to provide good fits to empirical data from vari-
ous modalities and experimental conditions (Obata et al., 2004; Deneux and Faugeras, 2006;
Mildner et al., 2001; Tang et al., 2009). In this sense, by integrating complementary infor-
mation from multimodal imaging, they can be exploited to provide further insight into the
relationship between the components of the hemodynamic response: flow, volume and oxygen
metabolism.
Beyond fitting experimental data, evidence is accumulating that parameters estimated
from these models may have interpretative value. Bottom-up approaches (Huppert et al.,
2007; Friston, 2000) and Bayesian inversion (Friston, 2002) have been proposed for inference
on model parameters from functional data and correlated to experimental conditions. In
animals, multispectral intrinsic optical imaging has been developed and combined with mea-
sures of flow to enable the measurement of distinct hemodynamic components in the same
experiment (Jones et al., 2001; Culver et al., 2003; Durduran et al., 2004). In particular,
intrinsic and speckle flow optical imaging can be combined to gather simultaneous data on
blood flow, volume and oxygenation. Based on these measures, it has been shown (Dunn
et al., 2005) that specific vascular and metabolic parameters can be estimated from imaging
data in controlled experiments removing some of the ambiguities impeding the interpretation
of data in atypical populations. It remains to be explored, however, whether these parameter
estimates convey useful information on physiology or pathology.
The LOU/c rat, an inbred strain of Wistar origin, is a well-studied animal model of
healthy aging. It exhibits longer lifespan free of disease, low adiposity throughout life and
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preserved neuroendocrine and metabolic functions (Veyrat-Durebex et al., 2005; Alliot et al.,
2002; Kappeler et al., 2004; Duque et al., 2009) and memory capacities when compared to
most laboratory rat strains (Kollen et al., 2010). As mentioned earlier, we recently performed
a study examining the vascular correlates of aging in this model (Dubeau et al., 2011). Ex-
periments performed showed that functional responses, assessed in the anaesthetized LOU/c
rat, were modified with age.
In this work we seek to shed further light on our previous observations by making use of
biophysical modelling. The central question of this paper is: Can the combination of mul-
timodal imaging and biophysical modelling be used to estimate changes of physiologically
relevant parameters with aging? Designed to capture the essential features of complex phe-
nomena in a relatively simple and concise quantitative description, biophysical models still
rely on a moderately large number of parameters, raising issues of estimability and precision.
Therefore this paper opens with a study of parameter estimability in three selected models on
simulated data. These simulations yield a methodology for estimating biophysical parameters
from multimodal data, which is then applied to our previously reported data (Dubeau et al.,
2011). The aims of this work are thus 1) to validate and characterize parameter estimability
in three selected biophysical models and 2) to estimate and compare parameters from exper-
imental data in groups of young (Y), old (O) and very old (VO) animals. Our results show
that most of the parameters are estimable and that several of them are significantly different
between age groups. Among our findings, parameters found in other studies to change with
age correlate with our estimations. Among these, parameters related to baseline CMRO2,
baseline CBF and microvessel compliance are all estimated to decrease with age.
6.5 Methods
6.5.1 Models and parameter estimations
Three biophysical models from the literature were used to generate the results. The
detailed definition of each model is provided in appendix A. Each model gives a mechanistic
description mediating between neuronal/synaptic (and metabolic) activity and the observed
optical response. The Buxton-Friston (B-F) Balloon model (Buxton and Frank, 1997; Buxton
et al., 1998; Friston, 2000) is the simplest and describes the passive inflation of a balloon due
to a flow-inducing signal triggered by synaptic activity. The Zheng-Mayhew (Z-M) (Zheng
and Mayhew, 2009) model is an extension whereby additional exponents are included to
describe delayed compliance of the balloon. Thirdly, the single-compartment Windkessel
model (B-H) is a reformulation of recent work of T. Huppert, D. Boas and others (Boas
et al., 2003; Huppert et al., 2007), and includes the modelling of oxygen diffusion to tissue
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(Fig. 6.1). Each model is described by determistic dynamical equations for a set of state
variables denoted xi. In the case of the B-F model, xi = {xs, xf , xv, xq} with xs the so-called
flow-inducing signal, xf the normalized input blood flow, xv the normalized venous volume,
xq the normalized deoxyhemoglobin changes in the voxel. A similar description applies to
Z-M and B-H (see Appendix A for details):
∂xi
∂t
= fi(x1, · · · , xn;α1, · · ·αp). (6.1)
With this deterministic description at hand, the aim was to estimate the posterior density of
the set of parameters, αj, characterizing the differential equations. The parameters for each
case are detailed in Table 6.1.
Optical measures described below led to estimates of normalized changes in CBF, HbO,
HbR and CBV (assuming constant hematocrit such that ∆HbO + ∆HbR = ∆CBV = ∆HbT
for relative changes). The output measurements constraining the biophysical models, de-
noted yk, were of the form
yk = gk(x1, · · · , xn;α1, · · ·αp). (6.2)
In the data presented below, a single short stimulation train (1 sec at 3 Hz) was used for
parameter estimations leading to a single input, multiple output model (SIMO). The first
order differential form above enabled to treat all models on an equal footing for comparison
purposes. Bayesian inversion of the models was done following previous work (Friston, 2002).
Given measures with Gaussian additive noise, yk = gk + ek, we estimated the parameters,
αi using an expectation maximization (EM) algorithm under the assumption of Gaussian
posterior density for the parameters αp described by their conditional mean ηα|y and covari-
ance Cα|y. For completeness we summarize the usual procedure here. Expanding around the
working estimate ηα|y of the parameters αp, treating measures and parameters on an equal
footing in an extended system, the E-step to improve the parameter estimates was defined
by:
J =
∂g(ηα|y)
∂α
,
y¯ =
[
y − g(ηα|y)
ηα − ηα|y
]
, J¯ =
[
J
I
]
, C¯e =
[ ∑
λiQi 0
0 Cα
]
,
Cα|y = (J¯ tC¯−1e J¯)
−1 (6.3)
ηα|y ← ηα|y + Cα|yJ¯C¯−1e y¯
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Figure 6.1: Representation of the Boas-Huppert biophysical model. The lumped parameter model
depicts a single compliant vascular balloon integrating the hemodynamic response of all microvessels
contained in an imaging voxel. In the vascular model, arterial resistance and volume are used
to calculate resistance, blood volume, pressure, and flow changes in the balloon from mechanical
relations between those physical quantities. The oxygen model describes oxygen diffusion from
intra- to extra-vascular space based on flow, volume and oxygen concentration gradient.
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Table 6.1: Parameters and units for the Buxton-Friston (B-F), Zheng-Mayhew (Z-M includes B-F
parameters) and Boas-Huppert (B-H) models. The first estimate of αˆj was performed on a wide
non-informative distributions with values taken from the litterature B-F (Friston, 2000; Zheng et al.,
2002), Z-M (Zheng and Mayhew, 2009) and B-H (Huppert et al., 2007).
αi Units Description
B-F ksf s
−1 Signal decay rate constant
kf s
−1 Autoregulatory feedback rate constant
τ s Transit time
α None Windkessel exponent
E0 None Baseline oxygen extraction function
εr None Neural efficacy
Z-M In addition of the above
b None Gain of vascular tone
τw s Vascular tone time constant
B-H ksr s
−1 Dilation decay rate constant
kr s
−1 Dilation feedback rate constant
ksm s
−1 Metabolic decay rate constant
km s
−1 Metabolic feedback rate constant
PwO2,0 mmHg Windkessel oxygen pressure
Vw,0 mLbrain Windkessel volume
β None Windkessel exponent
δ None Location of O2 extraction in Windkessel
HGB gHb/mLblood Hb content of blood
Ra,0 mmHg s/mL Initial arterial resistance
M0 µmol/gs Baseline CMRO2
εm None Metabolic efficacy
εr None Vascular efficacy
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Figure 6.2: Overview of the methodology for the estimation of model parameters within the
Bayesian framework.
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where the precisions Qi describe the serial inverse covariance associated with each measure
type. The M-step to improve the hyperparameters λi was defined by
P = C¯−1e − C¯−1e J¯Cα|yJ¯ tC¯−1e ,
∂F
∂λi
= −1
2
tr[PQi] +
1
2
y¯tP tQiP y¯〈∂2F
∂λij
〉
= −1
2
tr[PQiPQj] (6.4)
λ ← λ−
〈∂2F
∂λij
〉−1 ∂F
∂λi
For each model, the parameter estimations proceeded through alternating E and M-steps until
convergence. The three biophysical models were compared with each other by evaluating a
scalar function, the log-evidence F on the data. An overview of the procedure is provided
in Fig. 6.2.
6.5.2 Priors estimation
The Bayesian inversion technique relies on informative priors and the validity of param-
eter estimations is dependent on these prior distributions. The procedure adopted here to
estimate priors was to perform first a series of parameter estimations in conditions where
each parameter was considered to have a large flat prior around the expected physiological
values from the literature. For all recordings below, independently of the age group, a first
estimate of αˆj was performed with values obtained from the literature (see Table 1) and wide
non-informative distributions. From theses estimates, for each model we extracted average
values of ηα and Cα. Theses values served as a new set of priors that were then used for the
simulations below.
6.5.3 Validation of parameter estimability in simulations
Since the biophysical models are described by a moderately large number of parameters
(between 6 and 13), the practical issue of their estimability was first assessed. For each
model, 1000 simulations with distinct parameters were performed to explore the parametric
space. Hemodynamic responses were generated by first choosing at random the parameters
in a Gaussian distribution described by αi (mean ± SD = αipm0.2αi). In each case, the
differential system was integrated to generate simulated hemodynamic curves. Noise at a
level similar to our experimental data was then added to the curves (correlated white noise
of amplitude 10% (HbR), 12% (HbT) and 30% (CBF) of the maximum signal amplitude
obtained by low pass filtering white noise with a 2nd order Butterworth filter at 0.1 Hz).
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From Bayesian model inversion on the simulated data, parameters αˆi, corresponding errors
i = αi − αˆi and correlations were calculated.
6.5.4 Experimental recordings
The experimental procedure is described elsewhere (Dubeau et al., 2011). Briefly, young
(Y, 4-5 months), old (O, 24-32 months) and very-old (VO, 40-41 months) male and female
LOU/c rats were studied. They were obtained from the Aging LOU Rat Colony of the Que´bec
Network for Research on Aging (RQRV: www.rqrv.com) (LOU/c/rqrv). Animals were anaes-
thetized with α-chloralose and ventilated. CO2 levels, heart rate and blood pressure were
monitored. Stimulations were generated by an electrical stimulator (A-M system 2200, WA,
USA) with intensity controlled by custom Labview software (National Instrument, USA). As
a first step, the current intensity associated with the muscular threshold was determined.
During imaging, stimulation current amplitude was fixed to 0.9 times the measured muscular
threshold (average 1.05 ± 0.15 mA), and always maintained between 0.7 and 1.5 mA. Two
interlaced trains of either three or six electrical pulses were used (3 Hz, 300 µs, 0.7-1.5 mA)
to generate 1 s or 2 s stimulation trains. Only the 1 s stimulations were used in this work.
Stimulation trains were repeated every 20 s with a jitter of 3 s to avoid systemic synchroniza-
tion. Stimulations were repeated 40 times. All procedures were conducted according to the
recommendations of the Canadian Council for Animal Care and were approved by the animal
ethics committee of Montreal Sacre´-Coeur Hospital Research Center. Images were acquired
with a CCD camera (Toshiba Teli, ON, Canada). Functional images were recorded with mul-
tiple wavelength flashing illumination (525, 590, 637 nm) produced by Light Emitting Diodes
(LEDs; Optek Technologies, TX, USA). For laser speckle imaging, a near infrared 780 nm
laser diode was used and the camera aperture of 5.6 was such that the pixel size matched the
speckle size (Briers et al., 1999; Briers, 2001). The three illumination LEDs and laser were
interlaced, leading to a final frame rate of 5 Hz for each wavelength. The camera’s shutter
speed was set at 10 ms.
6.5.5 Hemodynamic data analysis
Spectroscopic imaging analysis was performed following (Dunn et al., 2003). Reflectance
signals from the LEDs are collected with the CCD camera and are converted to changes in
absorption ∆A=log(R/R0). A pseudo-inverse and the modified Beer-Lambert law were then
used to extract relative changes in HbR and HbO:
∆A(λ) =
∑
i=HbO,HbR
i(λ)∆CiD, (6.5)
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where ∆A represents changes in absorptions for the three wavelengths used and iand Ci
are the molar extinction coefficients and concentrations. D(λ) is the differential path length
factor taken from Dunn (Dunn et al., 2005) where shorter and longer wavelengths were ex-
trapolated from Kohl (Kohl et al., 2000). Baseline concentrations of 60 µM and 40 µM for
HbO and HbR (Dunn et al., 2005) were assumed to convert absolute to relative concentra-
tions. Variations ∆A were averaged over the 40 stimulations. Block-averaged variations were
then further temporally low-pass filtered at 0.3 Hz (zero phase-shift fifth-order Butterworth
filter) to suppress high frequency noise, mainly due to animal respiration. Blood flow was
computed by quantifying the spatial contrast during laser illumination, defined as the ratio
of the standard deviation to the mean intensity in a given spatial area. The spatial contrast,
S, can be related to the correlation time τc of the speckle (Briers, 2001) which is inversely
proportional to the mean velocity of the scatterers ν. 5×5 pixel regions were used to calculate
the contrast image and the normalised variation of the blood flow ∆ν/ν0 was obtained by
the following formula (Dunn et al., 2001, 2005; Duncan and Kirkpatrick, 2008):
CBF ' ∆ν
ν0
' −2∆S
S0
. (6.6)
For each animal, the response spatial location in the somatosensory cortex was first identified.
A region of interest (ROI) around the maximum response was defined manually and contri-
butions from medium and large arteries and veins found in the ROI were carefully removed.
The signal was then averaged over all pixels in the region of interest, and over the 40 stimuli
to recover an impulse response function for each component: HbO, HbR and CBF. Using the
measurement models of the appendix, the measures were mapped to normalized variables
yCBF = CBF/CBF0 − 1, yHbT = (HbR + HbO)/(HbR0 + HbO0)− 1, yHbR = HbR/HbR0 − 1
that entered the Bayesian inversion procedure described above to estimate model parameters.
6.5.6 Statistical analysis
Estimated parameters from in vivo data were compared between age groups by means of
one-way ANOVA along with post-hoc Tuckey-Kramer multiple comparisons test. P-values
less than 0.05 for ANOVA were considered as significant. Statistical significance of post-hoc
analyses were defined as values of P<0.05 (*), P<0.01 (**), and P<0.001 (***).
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6.6 Results
6.6.1 Simulations for parameter estimability
1000 hemodynamic response curves were generated for each model using Eq.(6.1) and
Eq.(6.2) to which three levels of noise were added. The expectation-maximization algorithm
above was applied to these noisy curves to extract the parameters αˆi and corresponding errors
i = αi − αˆi. Estimation errors for each model are shown in Table 6.2. These errors were
tabulated through their mean over all simulations (quantifying estimation bias) and standard
deviation. All results are presented in normalized form.
For the B-F model, the estimates αˆi had a very small bias and the standard deviation
was less than 11% for all parameters. When the measurement noise level was decreased by
an order of magnitude (100% to 10%), all parameters were recovered to within a SD of about
1% except τ at about 3%.
The Z-M model extends the B-F model by two parameters to depict delayed compliance
of the balloon. For the two new parameters, b and τw, the estimated SD exceeded 40%, at
100% noise. To confirm the poor estimability of b and τw, we evaluated Eq.(6.1) and Eq.(6.2)
deterministically, by varying the parameters one at a time and observing the effect on the
hemodynamic response: indeed an increase of 50% of either parameter had a very small effect
on the response (Fig. 6.3). Comparable variations of the other, better estimable, parameters
induced visible changes on the hemodynamic curves (Fig. 6.3). For the B-H model, an initial
set of 13 parameters were used to fit the data. Among these, three parameters (κsm, κm, δ)
did not have a sizeable impact on the shape of the hemodynamic curves.
For all models we computed the correlations between parameters. The corresponding cor-
relation maps are presented in Fig. 6.4. We observe in all models a correlation between the
feedback and decay rate constants for the flow-inducing signal (B-F and Z-M) and the analo-
gous dilation-inducing signal (B-H), signalling potential cross-talk between these parameters.
Other parameters were reasonably decoupled.
6.6.2 Parameter estimations of Y, O and VO rats
With the procedure validated and the parameter estimability completed, we proceeded
to parameter estimations for on the real data. A typical activation region as well as the
associated response averaged over age groups are presented in Fig. 7.5. Contributions from
medium and large arteries and veins found in the ROI were carefully removed manually, and
the analysis was performed over the remaining pixels.
The three models fit the hemodynamic response with a good accuracy as shown in
Fig. 6.6A,C. With respect to the mean quadratic error, the B-H model was slightly bet-
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Table 6.2: For each model: (Top) error i for 1000 simulations (mean±SD), for different levels
of noise (100% , 33% and 10% of the actual noise level measured in our experiments). All errors
expressed as percent change relative to simulated value. (Bottom) Mean quadratic error for the
1000 simulations.
100% 33% 10%
B-F 〈ksf〉 0.3% ± 7.1% 0.1 ± 2.5 0.1 ± 1.2
〈kf〉 0.3 ± 6.8 0.0 ± 2.3 0.1 ± 1.0
〈τ〉 0.3 ± 11 0.1 ± 4.8 0.2 ± 3.2
〈α〉 0.2 ± 6.9 0.0 ± 2.2 0.0 ± 0.9
〈E0〉 0.1 ± 3.3 0.1 ± 1.9 0.0 ± 1.3
〈εf〉 -0.2 ± 8.0 0.0 ± 2.7 0.1 ± 1.1
error (10−6) 8.2 ± 6.3 0.89 ± 0.71 0.091 ± 0.087
Z-M 〈ksf〉 -0.1 ± 8.6 0.2 ± 3.2 0.2 ± 1.8
〈kf〉 -1.7 ± 12 -0.0 ± 3.9 0.1 ± 1.8
〈τ〉 -1.0 ± 15 0.1 ± 5.6 0.5 ± 3.7
〈α〉 -0.2 ± 9.0 0.3 ± 3.2 0.2 ± 2.2
〈E0〉 0.3 ± 3.5 0.1 ± 2.4 0.1 ± 2.1
〈τw〉 2.2 ± 42 1.4 ± 26 1.3 ± 19
〈b〉 -8.3 ± 89 -1.5 ± 33 1.4 ± 23
〈εf〉 -1.3 ± 9.7 -0.0 ± 3.5 0.3 ± 2.0
error (10−6) 8.4 ± 6.9 0.96 ± 0.80 0.13 ± 0.30
B-H 〈ksr〉 0.8 ± 9.3 0.4 ± 4.4 -0.1 ± 2.8
〈kr〉 0.6 ± 8.9 0.2 ± 4.1 -0.2 ± 2.8
〈ksm〉 11 ± 26 5.9 ± 17 3.1 ± 16
〈km〉 10 ± 22 4.6 ± 15 2.9 ± 14
〈PwO2,0〉 1.3 ± 7.3 -0.2 ± 4.0 -0.1 ± 4.1
〈Vw,0〉 -1.1 ± 20 0.3 ± 19 2.7 ± 16
〈β〉 -0.8 ± 14 -1.6 ± 10 0.9 ± 8.1
〈δ〉 4.7 ± 27 4.7 ± 21 1.2 ± 19
〈HGB〉 1.4 ± 23 0.0 ± 19 -2.1 ± 17
〈Ra,0〉 2.2 ± 21 2.1 ± 21 1.8 ± 20
〈M0〉 1.5 ± 22 3.6 ± 17 0.9 ± 14
〈εm〉 -0.5 ± 31 1.1 ± 25 1.8 ± 22
〈εr〉 0.6 ± 10 0.1 ± 6.0 0.4 ± 5.2
error (10−6) 8.8 ± 6.6 1.0 ± 1.1 0.13 ± 0.24
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Figure 6.3: Simulated data (full line) and effect of a −33% (dotted line) and +50% (dashed line)
change in the parameters of the Z-M model on the response for CBF (black), HbT (green) and
HbR (blue). The two parameters τw and b have a small influence on the shape of the hemodynamic
curves.
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Figure 6.4: Correlation matrix formed from the pairwise correlation of the errors i for the (A)
B-F, (B) Z-M and (C) B-H models. In all models, correlations are observed between flow inducing
and decay rate constants. Other parameter pairs are mostly well decorrelated.
Figure 6.5: A) Anatomical image recorded with illumination at 525 nm. White dot corresponds
to bregma. Reddish blob in upper right corner: ROI of maximal activation (with arteries and veins
carefully removed from the ROI). Black bar: 1 mm. B) Average hemodynamic response (HbR(blue),
HbT(green), CBF(black)) for the three age groups.
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ter, followed by B-F and Z-M, but the difference between the three models was not signif-
icant (P>0.05). The log-evidence values were also higher for the B-H model (Fig. 6.6B),
followed by Z-M and B-F, but with no significative difference (P>0.05). We also noted that
the Z-M model had a higher log-evidence than the B-F model on almost all rats. Therefore
we could not exclude any model, and we presented all three.
We compared the estimated parameters for the three different age groups. The results are
summarized in Table 6.3. The B-F model showed a significant increase in the transit time τ
and a decrease in the neural efficacy εr with aging. For the Z-M model, we observed similar
results to the B-F model, consistent with expectations from the similarity of the models.
However the Z-M model led to larger variance in the estimated parameters for the two
older groups. For the two additional parameters in the Z-M model, the previous simulations
predicted large errors due to their small effects on the hemodynamic curves. This is reflected
in the estimates of Table 6.3 showing large intragroup variance. However, even with high
intragroup variance, the time constant of the muscle tone τw decreased significantly with
age (P<0.01).
For the B-H model, our simulations indicated that parameter estimations led to larger
errors (20-30%) on almost all parameters. Even with this added ambiguity, parameters
estimates were modulated by aging. Of the 13 parameters that were estimated in the B-H
model, four had a significant change with age: β, kr and ksm(P<0.05) and M0(P<0.01). From
the set of 13 initial parameters, other physical parameters were also derived (see relations
between these parameters in Appendix A) to map to physiological values relevant to aging.
The transit time τ for the B-H model was similar to values obtained from the Z-M model.
The Grubb exponent coefficient α was also close to values obtained by Z-M and B-F models;
but in the case of the B-H model, its value did see a significant diminution with age. The
baseline flow Fin,0 also decreased with aging.
To further illustrate whether differences in parameters estimated above led to distinct
hemodynamic curves, we show in Fig. 6.7 the curves modelled by the B-F model with the
values of τ estimated from the three different groups. It confirms that estimated changes in
the parameters do induce changes in the group hemodynamic curves.
6.7 Discussion
All models used here were able to fit the data with good accuracy. The simpler dy-
namics offered by the Buxton-Friston and the Zheng-Mayhew model facilitated parameter
estimability. In the context of multimodal optical imaging, these models are incomplete as
they do not speak to the oxygenation and metabolic components. On the other hand, the
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Figure 6.6: A) Error and B) Log-evidence measured for the three models. N=30 rats, after
electric forepaw stimulation. Error bars represent standard deviation. C) Typical experimental
hemodynamic response for one rat for HbR(blue), HbT(green) and CBF(black) and estimated fits
for three models (mean quadratic error of the fit: 4.1 ·10−6). Black bar: electric forepaw stimulation
(0.3 ms at 3 Hz during 1 s).
Figure 6.7: Example of simulated curves for CBF (black), HbO (red), HbT (green) HbR (blue)
from the Buxton-Friston Model using values for the parameter τ extracted from the different age
groups.
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Table 6.3: Age group comparison for the 3 models: Estimated parameters and priors (mean ±
SD). Notation for statistical significance: bold: P<0.01; underlined: P<0.05.
Y O VO Priors
B-F ksf 1.05±0.20 1.07±0.28 1.08±0.22 1.05±0.04
kf ∗ 10 2.41±0.62 3.09±1.1 3.30±0.90 2.86±0.08
τ 0.79±0.34 1.35±0.44 1.37±0.24 1.13±0.03
α ∗ 10 2.00±0.35 1.73±0.45 1.69±0.26 1.86±0.05
E0 ∗ 100 85.1±3.9 87.2±3.0 86.4±3.7 85.8±0.5
εf ∗ 100 7.7±3.0 5.6±1.8 5.1±1.7 6.2±0.3
Z-M ksf 1.15±0.29 1.02±0.23 1.16±0.44 1.15±0.05
kf ∗ 10 2.56±0.82 3.13±0.91 4.48±1.86 3.31±0.10
τ 0.81±0.22 1.60±1.09 2.28±1.20 1.45±0.04
α ∗ 10 2.05±0.43 1.76±0.56 1.84±0.42 1.93±0.06
E0 ∗ 100 85.0±4.1 87.0±3.9 84.9±5.6 85.4±0.5
τw 7.45±3.5 4.0±2.4 3.6±2.5 5.1±2.56
b 2.2±4.6 1.9±7.9 6.6±6.3 3.5±1.1
εf ∗ 100 8.3±3.6 5.7±1.5 6.4±1.6 7.1±0.3
B-H ksr 1.17±0.23 1.14±0.22 1.12±0.22 1.06±0.05
kr ∗ 10 2.65±0.56 3.34±0.86 3.54±0.85 2.95±0.10
ksm ∗ 10 7.3±3.0 5.0±2.5 3.9±3.3 8.1±1.1
km ∗ 10 1.47±0.74 1.60±0.61 1.63±0.62 2.02±0.19
PwO2,0 58.6±3.3 60.3±4.0 60.1±4.1 58.8±0.8
Vw,0 ∗ 100 5.9±0.6 5.7±0.5 5.7±0.6 5.1±0.4
β 2.26±0.75 3.29±1.32 3.39±0.69 2.65±0.12
δ ∗ 100 20±10 22±14 27±13 32±7
HGB ∗ 10 1.82±0.13 1.89±0.08 1.87±0.09 1.83±0.14
Ra,0/1000 4.34±0.76 3.76±1.20 3.83±1.53 4.38±0.57
M0 ∗ 100 3.6±1.2 1.9±1.1 1.7±1.0 2.6±0.3
εm ∗ 100 8.0±3.2 5.6±2.8 5.2±3.4 8.0±1.3
εr 1.13±0.40 0.95±0.27 0.88±0.17 0.88±0.05
Fin,0 ∗ 100 5.0±1.6 3.0±2.3 2.21±0.69
Transit time 1.32±0.51 2.6±1.2 2.76±0.83
α ∗ 10 2.41±0.41 2.01±0.52 1.89±0.26
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single-compartment Boas-Huppert model contains both vascular and metabolic parameters
that are expected to change with age. While evidence was presented (Huppert et al., 2007;
Zheng et al., 2005) that a 3-compartment model would be more accurate, we chose a sim-
pler 1-compartment model in order to limit the number of parameters and focus on the
physiologically most relevant ones.
Our original endeavour was to establish whether biophysical model estimations convey
changes associated with aging. In our rat populations, we were able to identify a few param-
eters that changed significantly with age. In both the B-F and Z-M descriptions, this was the
case for the transit time and neural efficacy. The increased transit time agrees with published
data indicating increased tortuosity of microvasculature with age (Kalaria, 1996). The re-
duced neural efficacy with aging would corroborate alterations of neuro-vascular coupling with
aging (D’Esposito et al., 2003). It was not clear from the onset whether the phenomenological
description provided by these lumped parameter models would reflect the physiopathology of
aging: The results here provide non-trivial empirical validations of the biophysical models.
This, we believe, justifies further use and developmental work on biophysical models. For the
Z-M model estimates, a significant reduction was seen in the vascular tone time constant, τw,
indicating potential changes related to compliance. The authors of the model (Zheng and
Mayhew, 2009) had already observed a large variance in the estimates of τw and b.
6.7.1 Estimate of oxygen extraction
For both the B-F and Z-M models, the oxygen extraction estimate E0 of 0.85 was higher
than values of 0.5 used in the simulation by Zheng et al. (2002) and of 0.34 found by Friston
(2000). Both these papers mentioned that a higher value of E0 causes an initial dip in the
deoxyhemoglobin curve. In our study, we validated in separate estimations that the higher
value of E0 was due to the inclusion of the deoxygenation measures and the associated fit of
the initial dip. We also validated that removing the HbR measure entirely from the estimation
led to lower estimates for E0. The results cannot be easily compared with (Friston, 2000;
Zheng et al., 2002) since they modeled measurements from different modalities.
6.7.2 Estimate of Grubb exponent α
The B-H model enabled the estimation of both vascular and metabolic components. We
found significant age-related differences in four estimated parameters. β was seen to increase
with age leading to estimates of the Grubb exponent α = (2 + β)−1 that decreased with age.
The values of α ∈ [0.24, 0.19] were found to be within the range observed in the literature
(reviewed in Leung et al. (2009)), though lower than the value originally measured in monkeys
91
(0.38, Grubb et al. (1974)). A second parameter of interest, M0 the baseline CMRO2, was
also found to decrease with aging. This result is consistent with separate studies performed
with PET (Burns and Tyrrell, 1992; Takada et al., 1992; Leenders et al., 1990) however the
observed percent decrease is higher than found with PET. The rate constants associated with
vessel dilation and metabolic decay also changed with age signalling changes associated with
the neurovascular coupling but their interpretation remains more elusive. Finally, derived
parameters were computed from the model parameters: The baseline blood flow Fin,0 was
seen to decrease with age and the transit time, τ , to increase. Both estimations were in
agreement with the literature on changes associated with aging (Ances et al., 2009; Kalaria,
1996).
6.7.3 Estimate of baseline oxygen saturation SwO2
In the B-H model, we also estimated a value of Windkessel O2 pressure of 59%, yielding an
oxygen saturation of 90%. This is higher than values reported in the literature for capillaries
saturation ScO2 of about 70% (Mesquita et al., 2009; Huppert et al., 2009). We tried fixing the
value of SwO2 to literature values, but the constrained model would not fit our experimental
data. Despite this ambiguity, we believe the estimate of SwO2 can still be used to compare
between age groups.
6.7.4 Bayesian estimation
In the estimations, we chose to use an EM approach with informative priors. Compared
to the least-square method used in Huppert et al. (2007), this approach provided a natural
framework to constrain parameters within physiological bounds. Bayesian methods including
EM have previously been questioned due to the presence of these priors. Here we were careful
to evaluate priors on our whole population by using non-informative probability laws for the
parameters. With the thus-evaluated priors, we indeed observed, in simulations and in our
data, that some parameters were constrained (as they should be). This constraint is similar
to the bounds that are used in least-square approaches to keep parameters in the physiological
range. However, when comparing young, old and very old groups, using identical priors, our
parameters still yielded statistical differences between groups suggesting that the priors were
sufficiently flat to observe the changes that accompany aging.
To identify the best model, and whether the same models were appropriate to study all
age groups, we used the log-evidence as objective function. We found no statistical significant
change in log-evidence as a function of age confirming that the biophysical model description
can span the years over which our animal population was imaged. The log-evidence was
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also used to compare the biophysical models with each other. The B-H model was found to
have the highest log-evidence value but since the difference with the other models was not
significant, we could not conclude that it was the best model in our data set. The Z-M model
was previously evaluated to outperform the B-F version (Zheng and Mayhew, 2009) based on
Akaike’s information criterion. The log-evidence results here reproduced their result. These
mitigated results justified performing and presenting the estimates for the three models. In
doing so, the consistency found between models on observed parameters provided additional
confirmation that the approach yields interpretable results.
6.7.5 Limitations
The interpretation of biophysical parameters in the context of aging done here has to be
taken with caution. While some parameters were identified to correlate with expectations
from changes associated with aging, the models remain phenomenological. A link between
microscopic cerebrovascular changes and the lumped parameter description has not been
clearly established to date and values found reflect this phenomenological description. The
Balloon-Windkessel description typically integrates changes in an imaging voxel (or ROI)
and thus reflects the pooled changes of all (micro)vasculature in the voxel. In the context
of aging, vascular changes are expected to be systemic and it is plausible that the lumped
parameters reflect micro-vascular changes, but more work is required to clearly establish
these links. Recent progress in Vascular Anatomical Network (VAN) models (Boas et al.,
2008; Fang et al., 2008) may provide an avenue to answer some of these questions and is the
subject of further work.
Even in this invasive preparation, optical measures may be subject to confounds that are
not due to vascular changes per se. For example, it has been documented (Duncan et al.,
1996) that the scattering of light by brain tissue varies with age. These changes may affect
the amplitudes of the signals measured and contribute to the statistical changes observed.
However, biophysical models are mostly estimated based on the dynamical changes of the
signal and static variations in scattering are expected to have lower impact on these estima-
tions. The estimation of HbO and HbR from multispectral data requires that the reflected
light originates from the same tissue volume. With wavelength-dependent absorption and
scattering, the volume of tissue probed by the camera is not identical and this heterogeneity,
combined with structural changes of the microvasculature with age, may also yield differences
in ratios between HbO and HbR for example.
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6.8 Conclusion
In this work, biophysical models were used to study changes in the hemodynamic signal
with age. We found in simulations that while the models have a moderately large number of
degrees of freedom, parameters can be estimated with multimodal measures. In our data, the
estimated changes with age correlated to known physiopathology of aging suggesting that the
combination of multimodal imaging and biophysical modelling may be able to characterize
some aspects of vascular changes occurring with age. While the invasive imaging techniques
used here are not translatable to humans, this study suggests a perspective for studying
vascular changes in humans using multimodal imaging, such as functional magnetic resonance
imaging combined with diffuse optical imaging.
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6.9 Apendice: Normalized form of the different biophysical models
The EM algorithm used to generate estimates for the biophysical models requires that
both the dynamical model and the measurement model be in a first-order differential equation
form. Below we provide the explicit realization of these forms for the three models used here.
6.9.1 Buxton-Friston model
The Buxton-Friston (B-F) hemodynamic model has been described extensively elsewhere
(Buxton et al., 1998; Friston, 2000). The state variables are defined by X = {xsf , xf , xv, xq}
with parameters α = {κsf , κf , τ, α, E0, εf}, and the inputs are u(t). With our data this is a
single-input, multiple-output (SIMO) model as we measure blood volume, deoxy-hemoglobin
changes and flow. The state equations are:
x˙sf = εfu(t)− κsfxsf − κf (xf − 1), x˙f = xsf
x˙v =
1
τ
(xf − fout) where fout = x1/αv (6.7)
x˙q =
1
τ
(
xf
1− (1− E0)1/xf
E0
− xqx−1+1/αv
)
.
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The integration for xf , xv, xq is performed in log space to enforce their positivity. The mea-
surement model for the outputs y = g(x) is
yHbT = cv(xv − 1), yHbR = cq(xq − 1) and yCBF = cf xf + fout − 2
2
where the first two time series are obtained from intrinsic imaging, the last from speckle
imaging, and cv, cq and cf are constants fitted from the data.
6.9.2 Zheng-Mayhew model
This model is a direct extension of the B-F model, with a small change in the equation for
xv, two more parameters {τw, b} and one additional state variable xw, the vascular compliance
(also integrated in log space):
x˙v =
1
τ
(
xf − fout
xw
)
, x˙w =
1
τw
(
− xw + exp(−b x˙v)
)
. (6.8)
6.9.3 One compartment Windkessel model
We write the Windkessel model in a formulation with 7 state variables {xsr, xr, xsm, xm,
xv, xt, xp}. Here xr is the vascular resistance, xv the volume, xm the cerebral metabolic
rate of oxygen, xt and xp the oxygen pressures in tissue and in the Winkessel. Finally xsr
and xsm are stimulus-inducing intermediaries, for which the pairs {xsr, xr} and {xsm, xm}
obey equations with the same functional form as the pair {xsf , xf} of the B-F model, thus
requiring 4 dimensionful parameters: {κsr, κr, κsm, κm}. 2 more dimensionful parameters
{k1, k2}, 8 dimensionless parameters {β, δ, k3, k4, k6, k7, εr, εm}, for a total of 14 parameters,
and two physical constants {kA, kB}, appear in the other 3 equations. The 7 equations are
the following:
x˙sr = −εru(t)− κsrxsr − κr(xr − 1), x˙r = xsr
x˙sm = εmu(t)− κsmxsm − κm(xm − 1), x˙m = xsm
x˙v = k2(fin − fout), (6.9)
x˙t = k1
(
k7xp − xt − (k7 − 1)xm
)
, and
x˙p =
k2
(
(fin + fout
δ
1−δ )(k5 − S − k4xp)− k3(k7xp − xt)
)
xv
(
(1− S)2(3x2p+kB
kA
)
+ k4
) .
The in and out flows fin, fout and the oxygen saturation S are algebraic functions of the
state variables: fin = (1 + k6(1− xβv ))/xr, fout = xβ+2v , and S = 1/(1 + kA/(x3p + kBxp)) is an
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empirical equation due to Severinghaus (1979) known as the dissociation curve of hemoglobin.
The parameter k5 is constrained: k5 = k4+(1−δ)(k7−1)k3+1/(1+kA/(1+kB)). Expressions
of parameters and their relations to physiological parameters are presented in the following
derivation. The measurement model for the outputs y = g(x) is:
yCBF = cf
(fin + fout
2
− 1
)
, yHbT = cv
(
1 +
Va,0
Vw,0
)−1
(xv − 1) and
yHbR = cq
(
1 +
Va,0
Vw,0
)−1( 1− Sw
1− Sw,0 xv − 1
)
These equations arise upon neglecting the contribution of arteriolar volume changes to the
measures, an assumption that is coherent between the 3 models. However, recent data (Hill-
man et al., 2007) seriously challenges this assumption and suggests that in future work, the
model could be refined in order to include the arteriolar contribution to measured volume
changes.
6.9.3.1 Derivation of the Windkessel model: Arterial resistance and Windkessel
volume
To bring the single-compartment Windkessel model to the above form, a few reparametriza-
tions are necessary and we provide in this appendix the details of this derivation.
We start with a volume Vtot corresponding to an imaging voxel. In each such volume,
several components contribute: 1- Arterial/arteriolar, 2- Windkessel (consisting of capillaries
and veins), and 3- Brain tissue. We use the initial letter of the components as labels: ‘a’ for
arteries, ‘w’ for Windkessel and ‘t’ for tissue. Thus Vtot = Va + Vw + Vt and the volume of
the vasculature is Vvasc = Va + Vw. The arterial component is assumed to be non-compliant
and Vt is assumed constant; with Vt approximately 50 times larger than Vvasc, we neglect the
changes in Vtot and Vt due to changes in Vvasc. Thus the Windkessel is the only compliant
compartment.
Now we introduce a phenomenological description of blood flow from the arteries through
this Windkessel, based on Poiseuille’s law. We assume two effective resistances, Ra and Rw,
for the arterial and Windkessel. At the entrance of component a, there is constant pressure
Pin. At the exit of a and the entrance to w, there is the Windkessel pressure Pw. At the exit
of w, the pressure Pout is set to zero. Following Mandeville et al. (1999), Poiseuille’s law gives
two relations Pin−Pw = RaFin and Pw−Pout = RwFout for the flows Fin and Fout in and out of
the Windkessel. A proportionality known as the Windkessel relation (Mandeville et al., 1999)
is assumed between Pw and Vw: Pw ∝ V βw , so that (Pw/Pw,0)1/β = Vw/Vw,0 = xv using the
subscript 0 to denote initial or baseline values. Poiseuille’s law contains further information,
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R ∝ V −2, beyond the linear relationship between pressure and flow used above, so that
Rw/Rw,0 = x
−2
v and Va/Va,0 = x
−1/2
r , introducing xr = Ra/Ra,0. Also, under the assumption
that the proportionality constant in R ∝ V −2 is the same for arteries and the Windkessel,
we have an additional relation: Va,0 = (Rw,0/Ra,0)
1/2Vw,0. Conservation of matter flowing in
and out of the Windkessel leads to a dynamical equation for Vw: V˙w = dVw/dt = Fin − Fout.
Although several variables have been introduced so far, only two of them have independent
temporal dynamics, which we take to be Ra and Vw. The dynamics of Ra is related to neuronal
stimuli in the same manner as the flow in the B-F model (equations for {xsr, xr}) and will
not be discussed further. In the steady state, V˙w = 0 and is used to write the equations
for Fin and Fout in terms of the two independent variables as Fin =
Fin,0
xr
(
1 + Rw,0
Ra,0
(1 − xβv )
)
and Fout = Fin,0x
β+2
v . Thus we recover the equation for xv for the Windkessel model upon
setting k6 =
Rw,0
Ra,0
and k2 = Fin,0/Vw,0. Note that parameter k2 is analogous to τ
−1 from the
Buxton-Friston model.
6.9.3.2 Derivation of the Windkessel model: Oxygen transport
For the oxygen transport model, we will again introduce several variables; however, only
3 will be dynamical. We choose the dynamical variables to be the cerebral metabolic rate
of oxygen, M = CMRO2, the partial pressure of oxygen in the Windkessel PwO2 and the
partial pressure of oxygen in tissue PtO2. As before, we introduce normalized variables: xm =
M/M0, xt = PtO2/Pt02,0 and xp = PwO2/PwO2,0. The CMRO2, like the arterial resistance,
is paired with a stimulus-inducing signal xsm so that {xsm, xm} follow equations analogous
to {xsf , xf} in the B-F model. The dynamical equations for PtO2 and PwO2 come from
mass conservation equations of the number of molecules of O2 in tissue and the Windkessel,
Nt and Nw: N˙t = N˙
extracted
w − N˙ consumedt and N˙w = N˙ inw − N˙ outw − N˙ extractedw . Metabolic
consumption of oxygen takes place in tissue, so that N˙ consumedt = ρbMVt, where ρb is the
brain matter density. The amount of oxygen extracted from blood vessels is given by Fick’s
law of diffusion. It is proportional to the positive oxygen pressure gradient between vessels
and tissue: N˙ extractedw = K(PwO2 − PtO2), with K the diffusion constant. With the principles
now stated, we want to reexpress the equations for N˙t and N˙w in terms of the pressures PwO2
and PtO2, the volumes Vw, Vt, and M . This is possible because the oxygen pressures are
related to oxygen concentrations.
In tissue, the oxygen concentration Ct is related to the number of molecules by Nt = CtVt
and to the oxygen partial pressure PtO2 by Ct = ωγtPtO2, where ω is a conversion factor to
convert a volume of O2 to an amount (moles) of O2 and γt is the solubility of oxygen in tissue.
In the Windkessel, oxygen is mostly bound to hemoglobin with some dissolved in plasma.
Thus the oxygen concentration Cw consists of two contributions, Cw = Cb+Cd: 1- The concen-
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tration of oxygen bound to hemoglobin Cb is proportional to the O2 saturation S, Cb = λS,
with λ = ωHnHGB, Hn a constant called the Hu¨fner number and HGB the amount of
hemoglobin per volume of blood. The saturation satisfies the dissociation curve relation-
ship (Severinghaus, 1979): S−1 = 1 + A/(P 3 + BP ), with constants A = 23400 (mmHg)3
and B = 150 (mmHg)2. 2- The concentration of oxygen dissolved Cd in plasma satis-
fies Cd = ωγpPwO2. As a microscopic concentration with respect to the blood vessels,
Cw = Nw/Vw. Also there is a concentration gradient of O2 from the entry of the Wind-
kessel to its exit. We can write N˙ inw = FinC
in
w and N˙
out
w = FoutC
out
w in terms of of the variable
concentration at exit Coutw and the assumed constant concentration C
in
w at entry. To describe
the average oxygen concentration in the Windkessel Cw in terms of C
in
w and C
out
w , we intro-
duce a parameter δ: Cw = δC
in
w + (1 − δ)Coutw . Thus a small value for δ reflects an oxygen
concentration in the Windkessel mostly from the venous outgoing part.
Briefly returning to the tissue component to complete the derivation of the equation for
xt, we have N˙t = K(PwO2−PtO2)−ρbMVt. In the steady state, K(PwO2,0−PtO2,0) = ρbM0Vt.
Defining k7 = PwO2,0/PtO2,0 and upon using Nt = ωγtPtO2Vt, we get
x˙t =
ρbM0
ωγtPtO2,0
(
k7xp − xt
k7 − 1 −m
)
. (6.10)
Upon setting k1 = ρbM0/((k7 − 1)ωγpPtO2,0), this takes the form given earlier for x˙t.
The equation for xp is a bit more laborious to derive. Starting from Nw = CwVw and the
mass conservation equation, we have VwC˙w + CwV˙w = FinC
in
w − FoutCoutw −K(PwO2 − PtO2).
Removing the dependence on Coutw by solving for it in terms of Cw, recalling that C
in
w is a
constant equal to the arterial concentration of O2, given by Ca = λSa + ωγpPaO2 in terms of
the arterial oxygen saturation Sa and arterial oxygen pressure PaO2, and using V˙w = Fin−Fout,
we obtain VwC˙w = (Fin + Fout
δ
1−δ )(Ca − Cw) −K(PwO2 − PtO2). The derivative C˙w can be
expressed in terms of the pressure PwO2 only, by time derivation of the dissociation curve
equation, resulting in :
C˙w =
(
ωγp + λ
(
A
P 3wO +BPwO2
+ 1
)−2(
A(3P 2 +B)
(P 3wO2 +BPwO2)
2
))
P˙wO2
=
(
ωγp + λ(1− Sw)2
(
3x2p + kB
kAPwO2,0
))
PwO2,0x˙p (6.11)
with the dimensionless constants kA = A/P
3
wO2,0 and kB = B/P
2
wO2,0.
We introduce a dimensionless parameter k4 = ωγpPwO2,0/λ. In the steady state, x˙p = 0
implies a constraint on the parameters Ca = Cw,0 − (1 − δ)ρbM0VtFin,0 . Given k5 = Ca/λ and
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Cw,0 = k4 + 1/(1 + kA/(1 + kB), we get the constrained equation for k5 presented in the last
section. Rewriting the equation for x˙p in terms of normalized variables, we get:
x˙p = V
−1
w
(
ωγpPwO2,0 + λ(1− S)2
(3x2p + kB
kA
))−1
× (6.12)((
Fin + Fout
δ
1− δ
)
(Ca − Cw)−K(PwO2 − PtO2)
)
=
k2
((
fin + fout
δ
1−δ
)
(Ca/λ− S − k4xp)− ρbM0VtλFin,0(k7−1)(k7xp − xt)
)
xv
(
(1− S)2(3x2p+kB
kA
)
+ k4
)
which has the form given earlier for xp upon defining the dimensionless parameter k3 =
ρbM0Vt
λFin,0(k7−1) .
For completeness we provide two tables: a list of the values and units for the constants
(Table 6.4) and the variables (Table 6.5) used in the derivations above.
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Table 6.4: Constants and units used in the derivations above.
List of physical constants
Label Units Value Name, details
A (mmHg)3 23400 Constant in dissociation curve
B (mmHg)2 150 Constant in dissociation curve
Hn mLO2/gHb 1.39 Hu¨fner constant
ω µmol O2/mLO2 44.6 Conversion factor (from ideal gas law)
γp = γt mLO2/mmHgmLblood 3.9 · 10−5 Solubilities of O2 in plasma and tissue
ρb g/mLbrain 1.04 Density of brain matter
Table 6.5: Definitions of the physiological parameters that were not optimized with their units
and values. The sign ] indicate that these values were not fixed but derived from previously defined
parameters. The values were taken from Huppert et al. (2007), except for the solubilities γp and
γt, which were both approximated by the solubility of O2 in water due to sparse and discordant
literature values.
Inputs Physiological constants
Label Units Value Name, details
Vtot mLbrain 1 Arbitrary choice
Vvasc/Vtot None 5.17% Vascular volume fraction
Vt mLbrain 0.9483 Tissue volume
Va,0 mLbrain 0.013 Baseline arterial volume
(= 0.25 · Vvasc)
Vw,0 mLbrain 0.039 Baseline Winkessel volume
(= 0.75 · Vvasc)
Rw,0
Ra,0+Rw,0
None 0.3 Baseline fraction of resistance
from Windkessel
Rw,0 mmHg s/mL 2.53 · 103 Baseline Windkessel resistance.
HbT0 µmol/mLbrain 0.107 Baseline total hemoglobin
concentration
HGB gHb/mLblood 0.16 Hemoglobin content of blood
PaO2 mmHg 75 Arteriolar O2 pressure
PtO2,0 mmHg 16 Baseline tissue O2 pressure
SwO2,0 None 82.6% Baseline O2 saturation in
Windkessel]
Sa02 None 95% O2 saturation of arterial blood]
Cw,0 µmol/mLblood 8.27 Baseline Winkessel concentration
of O2
]
Ca µmol/mLblood 9.56 Arterial concentration of O2
]
cv None 1 HbT model to outputs gain
cf None 0.61 CBF model to outputs gain
cq None 1.8 HbR model to outputs gain
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CHAPITRE 7
La deconvolution neurovasculaire refle`te-t-elle vraiment l’activite´ neuronale ?
7.1 Pre´sentation de l’article
Cet article a e´te´ soumis a` NeuroImage le 12 aouˆt 2011. Au cours des dernie`res anne´es, de
nombreuses e´tudes ont permis de faire le lien entre l’activite´ neuronale induite par diffe´rentes
stimulations et la re´ponse he´modynamique. Plus re´cemment, une attention particulie`re a` e´te´
porte´e a` l’e´tude de l’activite´ neuronale spontane´e enregistre´e sur des mode`les au repos. Dans
le cadre des travaux sur les rats LOU, certains arbitres ont mentionne´ que les articles e´tudient
le couplage entre les stimulations et la re´ponse he´modynamique mais n’e´tudie pas les change-
ments d’activite´ neuronale au cours du vieillissement. Les changements d’activite´ neuronale
n’ont pas e´te´ e´tudie´s puisque, dans le cadre d’activite´ neuronale stimule´, les re´sultats doivent
eˆtre normalise´es pour chaque rat il, ce qui rend difficile la comparaison entre animaux. Par
contre, il est possible de comparer les re´sultats de l’activite´ neuronale stimule´e a` l’activite´
neuronale spontane´e (au repos) et aussi d’observer le couplage neurovasculaire dans ces deux
situations. Malheureusement, l’activite´ neuronale spontane´e produit habituellement des re´-
ponses de plus faible amplitude et plus difficiles a` analyser que les donne´es sous stimulation.
De plus, la preuve n’a pas e´te´ faite que, pour l’activite´ neuronale au repos, l’analyse de la
re´ponse he´modynamique est un bon indicateur de l’activite´ neuronale. Le pre´sent article pro-
pose donc un cadre me´thodologique pour pouvoir e´tudier l’activite´ neuronale au repos et le
couplage neurovasculaire associe´.
Plus pre´cise´ment, l’article utilise un mode`le de´convolution de la re´ponse he´modynamique
(SCKS) qui a montre´ une tre`s bonne performance the´orique pour de´convoluer des donne´es
neurovasculaires. Les analyses tentent de de´terminer si les mesures d’activite´ neuronale ex-
traites par SCKS corre`lent avec les mesures d’activite´ neuronale locale mesure´e a` l’aide d’une
e´lectrode implante´e dans le cerveau. D’une part, les re´sultats montrent que l’algorithme
SCKS permet de retrouver l’activite´ neuronale avec une pre´cision d’environ 1.6 s, ce qui
permet d’e´tudier la corre´lation entre l’activite´ neuronale et l’activite´ neuronale reconstruite.
Nos re´sultats montrent que les mesures d’activite´ neuronale sous stimulation corre`lent bien
avec l’activite´ e´lectrique mesure´e. Ces re´sultats sont meilleurs pour les courtes stimulations
ou pour le de´but de longues stimulations que pour les longues stimulations ou` se produit
une habituation et une diminution de la re´ponse he´modynamique et neuronale. En dehors
des stimulations, l’algorithme SCKS trouve aussi une corre´lation significative avec l’activite´
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neuronale e´lectrique. Par contre, cette corre´lation est beaucoup plus faible que sous stimu-
lation. On observe aussi que l’activite´ neuronale reconstruite du meˆme coˆte´ que l’activite´
e´lectrophysiologique corre`le mieux que l’activite´ de l’autre coˆte´, ce qui confirme que SCKS
retrouve une mesure locale de la re´ponse he´modynamique. Par contre, l’activite´ neuronale
reconstruite semble toujours corre´ler avec l’activite´ de l’autre coˆte´ du cerveau, ce qui semble
confirmer le couplage neuronal entre les deux he´misphe`res.
Enfin, divers parame`tres ont e´te´ modifie´s afin de de´terminer la meilleure me´thode de re-
construction de l’activite´ neuronale. L’utilisation d’un mode`le line´aire ge´ne´ralise´ pour re´duire
l’effet du bruit physiologique sur la re´ponse he´modynamique, n’a pas permis d’augmenter
significativement l’activite´ neuronale reconstruite et semble avoir eu un effet ne´faste sur la
reconstruction. L’utilisation de parame`tres individualise´s de la re´ponse he´modynamique ame´-
liore significativement l’activite´ neuronale reconstruite. De plus, le de´bit donne des mesures
tre`s bruite´es, par contre l’algorithme SCKS prend en compte des mesures de bruit diffe´rentes
pour chaque modalite´ d’imagerie et l’ajout de la mesure de de´bit semble ame´liorer le´ge`rement
la reconstruction de l’activite´ neuronale.
7.2 Does neurovascular deconvolution reflect the true neuronal inputs?
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7.3 Re´sume´ du filtre de Kalman
Dans cet article nous avons utilise´ l’algorithme SCKS de Martin Havlicek pour effectuer la
de´convolution de la re´ponse he´modynamique. L’algorithme fait l’imple´mentation d’un filtre
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de Kalman pour obtenir un estime´ de l’activite´ neuronale a` partir des mesures de l’activite´
he´modynamique. Comme la the`se e´tudie les effets du vieillissement, et que cet article e´tudie
les performances de l’algorithme, la the´orie derrie`re l’algorithme ne sera pas de´veloppe´e. Pour
plus de de´tails, le lecteur est encourage´ a` a` s’attarde´ sur l’annexe de l’article et a` consulter des
articles sur SCKS et les filtres de Kalman (Arasaratnam and Haykin, 2009; Havlicek et al.,
2010, 2011).
En bref, dans l’article #2, a` partir d’une variable d’entre´e u(t) (les stimulations e´lectriques
ou l’activite´ neuronale), des mode`les biophysiques ont permis de retrouver les e´tats x(t) les
mesures y(t). Les diffe´rents parame`tres (compliance, volume, etc.) ont e´te´ optimise´s afin que
les mesures s’approchent des mesures expe´rimentales (HbR, HbT, DSC). L’algorithme SCKS
utilise les meˆmes mode`les biophysiques que l’article #2 mais utilise les courbes (HbR,HbO
et DSC) sur tous le de´cours temporel et non sur les donne´es moyenne´es.
Le filtre de Kalman est un algorithme Bayesien re´cursif qui permet d’obtenir une mesure
des entre´es et des e´tats simplement a` partir des mesures expe´rimentales et d’un mode`le
biophysique ade´quat. Dans le filtre de Kalman, les variables d’entre´e u(t), les e´tats x(t) et
les mesures y(t) sont conside´re´es comme des variables gaussiennes et il peut eˆtre simplifie´ en
deux e´tapes :
1. A` partir, des donne´es du syste`me u(t), x(t) et y(t) au temps pre´sent, on effectue une
pre´diction au temps futur des e´tats uˆ(t+ 1), des mesures yˆ(t+ 1).
2. On compare les mesures pre´dites yˆ(t + 1) aux mesures expe´rimentales yˆ(t + 1), ce qui
permet de faire une correction de donne´es au temps future xˆ(t + 1), yˆ(t + 1), uˆ(t + 1)
ainsi que de leur matrices de covariances respectives.
3. Le meˆme proce´de´ est ensuite applique´ au temps t+ 2.
Dans l’algorithme SCKS, apre`s avoir trouve´ les e´tats pour toute la dure´e de l’enregistre-
ment l’aide d’un filtre de Kalman, une approximation de Robbins-Monro est utilise´e pour
adoucir les donne´es et re´duire l’Effet du filtre de Kalman qui a pour effet de produire un
de´calage temporel. Ainsi, a` partir des e´tats au temps t+ 1, on retrouve les e´tats au temps t.
A` partir de ces nouvelles donne´es, le filtre de Kalman et l’approximation de Robbins-
Monro sont effectue´s de nouveau pour ame´liorer la pre´cision de l’approximation. L’algorithme
est arreˆte´ lorsque la log e´vidence change de moins de 0.001 entre deux ite´rations.
7.4 abstract
Since the celebrated Kalman filter and Monte Carlo techniques, much theoretical work has
been put into the development of signal deconvolution tools. Among recent developments
taking place in neuroscience are Dynamic Expectation Maximization (DEM), Generalized
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Filtering and the Cubature Kalman Filter (CKF). While there are exciting prospects to use
these tools for Dynamic Causal Modeling (DCMs) and other analyses of networks, there has
been comparatively little work to validate the algorithms on controlled experimental data.
In this work, the latest evolution of these tools, the square-root cubature Kalman smoother
(SCKS), is tested for its effectiveness on multimodal neurovascular data. Multispectral in-
trinsic optical imaging and electrophysiological measurements of Wistar rats are used in
combination with somatosensory stimulation. The Buxton-Friston (B-F) balloon model is
then deconvolved with the SCKS algorithm to obtain the estimated neuronal inputs u(t)
from the hemodynamic measurements (flow, oxy- and deoxygenated hemoglobin).
Results: The estimated neuronal inputs are compared to the stimulation protocol and
a sensitivity and specificity analysis is carried out. SCKS succeeds in recovering most of
the stimulations. Next, the estimated inputs are compared to actual measures of neuronal
activity: local field potentials (LFPs) and multiunit activity (MUA). Good sensitivity of
the technique is obtained with both LFPs and MUA over the whole recordings, with the
area of the ROC curves favoring LFPs. A weak but significant correlation between SCKS
estimated inputs and LFPs is found outside the stimulation periods. Finally, the accuracy of
state reconstructions is studied and SCKS reconstructed states are highly concordant with
measured states.
7.5 Introduction
Functional magnetic resonance imaging (fMRI) offers the opportunity to study the whole
brain dynamically (Friston et al., 2007). Hemodynamic brain networks and interaction over
spatially distributed areas can be studied noninvasively with fMRI. The ability to translate
these observations into brain function relies on the understanding of the relationship between
neuronal activation, metabolism and the measured hemodynamic response. However, the
dependence of the Blood Oxygen Level Dependent (BOLD) signal on changes in perfusion,
total blood volume as well as metabolism renders its direct interpretation in terms of neuronal
activity difficult (Logothetis, 2003).
To better understand the coupling between hemodynamics and neuronal input several in-
vestigators have developped techniques to acquire simultaneous measures of neural activity.
In rats, Mathiesen et al. (1998) acquired simultaneous optical measures and electrophysiology
(local field potentials (LFPs) and multi unit activity (MUA)) and showed a correlation be-
tween laser Doppler increases in blood flow and neuronal activity. Logothetis and colleagues
measured the BOLD signal simultaneously with electrophysiology in monkeys in various con-
figurations (Logothetis et al., 1999) and confirmed concomitant increase in BOLD signal and
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local neuronal activity. The BOLD signal was found to be linear but not a time invariant
function of LFPs and MUA. These results were further extended to using LFPs and MUA as
predictors of the BOLD response (Logothetis, 2002) using linear convolution models. It was
shown in that work that as the stimulation duration was increased, the linear convolution
model displayed an increasing discrepancy with measured data. Both LFPs and MUA were
shown to be predictors of the BOLD signal with LFPs having a slight edge in prediction
ability.
Insight gained from the above studies has been complemented by observations of the space
and time course of the BOLD signal over a wide range of stimulations. Delayed onset (Kwong
et al., 1992) due to blood flow and vascular architecture, and delayed post-stimulus under-
shoot (Buxton et al., 1998; Logothetis et al., 1999) have formed a basis for a biophysical
understanding of the hemodynamic changes. It is now believed that blood flow overcompen-
sates local oxygen consumption leading to the observed increase in the BOLD signal (Fox
and Raichle, 1986; Fox et al., 1988). These observations led to the development of biophys-
ically plausible models of the response relating initial neuronal activation and observations
based on a complex electro/bio-physiological process. Over the years several contributions
have been made to the modelization of neural, metabolic and vascular couplings and their
effect on measured functional signals (Mandeville et al., 1999; Buxton et al., 2004; Zheng
and Mayhew, 2009; Huppert et al., 2007; Friston, 2000; Boas et al., 2008; Behzadi and Liu,
2005; Aubert et al., 2001; Zheng et al., 2002, 2010). In these models the hemodynamic
process is driven mathematically from neuronal inputs believed to convey post-synaptic ac-
tivity (Friston, 2000). However the link between measures provided by neuroimaging and the
underlying neuronal signal remains elusive. Moreover, while these models carry additional
non-linearities, evidence using optical measures (Zheng et al., 2010) has emerged that the
non-linearities initially found between linear convolution models and hemodynamic BOLD
signal are still not fully accounted for.
The models above, mostly the Buxton-Friston version, led to attempts at identifying
neuronal inputs from hemodynamic data to study brain networks using dynamical causal
models (DCM). This in turn led to increased interest in the development of BOLD signal
deconvolution techniques (Friston et al., 2008, 2010). Inversion of biophysical models yields
estimations of hidden variables, for instance the neuronal inputs, and given the difficulties
in acquiring simultaneous BOLD and electrophysiological measures, offers an opportunity to
identify underlying neuronal activity. However, in distinction to convolution, the validation
of model deconvolutions, in particular with respect to correlation measures with local field
potentials (LFPs) and multi-unit activity (MUA), has not been studied to date.
In animals, multispectral intrinsic optical imaging has been developed and combined with
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measures of flow to enable the measurement of distinct hemodynamic components in the same
experiment (Jones et al., 2001; Culver et al., 2003; Durduran et al., 2004). By combining
intrinsic and speckle flow optical imaging, simultaneous data on blood flow, volume and
oxygenation can be acquired. Based on these measures, it has been shown (Dunn et al.,
2005) that specific vascular and metabolic parameters can be estimated from imaging data
with biophysical models, despite the presence of some number of poorly estimable parameters.
The increased information content in these multimodal measures was recently used by this
group to estimate vascular and metabolic parameters in an aging animal model (Dubeau
et al., 2011). However, the neuronal input was not studied in this previous work.
Deconvolution techniques have a long history, starting with the Monte Carlo method
(particle filtering) and the Kalman filter. A recent cubature implementation, the Square-
root Cubature Kalman Smoother deconvolution (SCKS), was shown to be able to recover
neuronal inputs on simulated data using the Buxton-Friston model (Havlicek et al., 2011).
The first goal of this paper was to evaluate the performance of this technique on in vivo
data. Intrinsic optical imaging and forepaw stimulation were used to evaluate the sensitivity
and specificity of SCKS deconvolution. The non-linear neuronal input deconvolutions were
compared first to stimulation onsets, and later to measured LFPs and MUA. Good sensitivity
of the technique was obtained with both LFPs and MUA over the whole recordings, with the
area of the ROC curves favoring LFPs. When excluding stimulation periods, spontaneous
activity measured by LFPs and MUA was also compared with SCKS neuronal estimates and
performance decreased. Finally, the accuracy of state reconstructions was studied and SCKS
reconstructed states were highly concordant with neuronal measures.
7.6 Methods
7.6.1 Review of SCKS and parameter estimations
As already mentioned, the SCKS deconvolution approach was recently shown to be so
far among the best performing algorithms for simulated BOLD fMRI data (Havlicek et al.,
2011). The first goal was to evaluate how the algorithm would perform on real data. For
that, the algorithm and Matlab code of Havlicek et al. (2011) was used, with some minor
modifications, mainly to account for the 3 hemodynamic measures provided by the optical
imaging setup (see below) with different levels of noise.
Referring to Havlicek et al. (2011) and Arasaratnam and Haykin (2009), and appendices
A and B for details, only the key steps of the algorithm will be highlighted here. SCKS
stands for a Bayesian iterative algorithm of alternating forward and backward passes by a
Kalman filter on the data. The intuition behind any Kalman-type deconvolution method is
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that the algorithm iteratively refines its estimate of the inputs conditional on the data, until
a convergence criterion is reached.
With a focus on recovering as precisely as possible the neuronal inputs from the hemody-
namic data, the Buxton-Friston model parameters (Appendix A) were kept constant, to their
values estimated for each rat individually as explained in earlier work (Dubeau et al., 2011)
by an expectation-maximization algorithm due to Friston (2002). In a further simplification,
noise parameters were not promoted to the level of time-varying states to be estimated, so
they were SCKS-estimated constants. It was checked that relaxing either assumption (letting
hemodynamic and noise parameters vary) had no significant impact on results.
The forward Kalman filter (known as SCKF) consisted of an iteration of prediction and
update steps on each successive data time point. The prediction was based on Ito-integrating
(with a local linearization of a Jacobian) the differential equations of the Buxton-Friston
model, which were rendered stochastic by inclusion of additive noise. The update step was
given by the measure model (Appendix A). The prediction and update steps required the
evaluation of N-dimensional integrals over Gaussian probability densities. The cubature
method consisted in approximating these integrals by sums over only 2N points, which was
previously shown to be optimal (see Arasaratnam and Haykin (2009) for more information).
Here, N=5 for 4 states and 1 input variables. To ensure positivity of the covariance matrices,
their square roots were propagated. After each forward pass, a variational Bayes (VB)
estimation of noise was performed. In the backward pass, a Rauch-Tung-Striebel (RTS)
smoother was performed. The Robbins-Monro scheme was not used, since parameters were
held constant.
In summary, SCKS was performed by iteratively applying the above forward (Kalman
SCKF) and backward (RTS) passes. Convergence was determined based on a log-likelihood
criterion.
Specifically, the estimation here was carried out on data recordings of approximately one
hour, acquired and processed at 5 Hz, and the algorithm ran in a few minutes on a Xeon
computer for one experiment. Matlab code and datasets are available upon request.
7.6.2 Surgical procedures
All procedures were conducted according to the recommendations of the Canadian Council
for Animal Care, and were approved by the animal ethics committee of Hoˆpital du Sacre´-
Coeur de Montre´al Research Center. n = 9 Wistar (350 ± 20 g, male) rats were used (a
tenth rat was discarded from results due to poor neural and hemodynamic responses to stim-
ulations). The animals were initially anesthetized with isoflurane (5%) and rectal temper-
ature was monitored and maintained at 37◦C with a heating blanket (Harvard Apparatus,
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MA, USA). One catheter was inserted in the right femoral artery to monitor blood pres-
sure and another in the right femoral vein for α-chloralose injection (10 mg/mL in saline,
Sigma Aldrich, ON, Canada). Rats were mechanically ventilated (Kent Scientific, CT, USA)
via a tracheotomy using ambient air. Breathing rate was recorded, and maintained around
50±4/min using a constant pressure of 6.8±0.3 mm H2O. End tidal expired CO2 concentra-
tion (Capstar, GENEC, QC, Canada) and heart rate (Nihon Kohden, Japan) were monitored
and recorded continuously. Rats were positioned on a stereotaxic frame (WPI, FL, USA) fit-
ted with atraumatic ear bars. A section of 1 cm2 over the skull was exposed and a region
around bregma (AP: 0 mm, DV: 0 mm, L: 3 mm on each side) was thinned to translucency
(approx. 0.2 mm) with a rotary tool bilaterally on the cortex. Two needle electrodes were in-
serted on each side of the left forepaw for stimulation. The muscular excitation threshold was
determined with a 0.3 ms pulse. During imaging, stimulation current amplitude was fixed to
0.9 fold the measured muscular threshold (average: 1.05±0.15 mA) and always maintained
between 0.7 and 1.5 mA. Each animal was subjected to three interlaced stimulation protocols:
trains of either 3, 15 or 45 electrical pulses were used (3 Hz, 300 µs, 0.7-1.5 mA) to generate
1 s, 5 s or 15 s stimulation trains. Each train was separated by a 20 s rest period plus a jitter
between 0 to 3 s to avoid systemic synchronization. Each protocol was repeated 40 times.
After surgery, isoflurane administration was stopped and replaced with α-chloralose (first
a bolus of 50 mg/kg, then 40 mg/kg/h) and time was allowed for the animal to stabi-
lize (10 min). Mineral oil was added to the exposed skull to prevent drying and to facilitate
camera focus. The rats stayed anesthetized for 4 h and sacrificed at the end of the experi-
ments.
7.6.3 Data acquisition
The images were acquired with a 12 bit CCD camera (CS3960DCL, Toshiba Teli, ON,
Canada) with 1392×1040 resolution and CCD pixel size of 6.45 µm. A Labview interface
(National Instruments, TX, USA) was used to control the camera, record the images, syn-
chronize the acquisition and electrical stimulation, and change the illumination. A Nikkor
Macro lens (f = 50 mm) was used to get an effective resolution of 17.4 µm and a sufficiently
small focal depth (350 µm). Lens focus was performed on veins and arteries located at the
surface of the somatosensory cortex. The camera aperture was set to 5.6. Functional images
were recorded with multiple wavelengths flashing illumination (525, 590, 637 nm; respective
half intensity bandwidth: 33, 10 and 13 nm) produced by high power Light Emitting Diodes
(LEDs, Optek Technologies, TX, USA). The illumination was adjusted so that no part of
the cortex saturated the camera for any of the wavelengths. For laser speckle imaging, a
near infrared 780 nm laser diode was used and the chosen camera aperture of 5.6 was such
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that the pixel size matched the speckle size (Briers et al., 1999; Briers, 2001). The three
illumination LEDs and laser were interlaced, leading to a final frame rate of 5 Hz for each of
the 4 measures. The camera shutter speed was set at 10 ms.
For extracellular electrode recordings (Logothetis, 2002), a small hole was performed in the
skull and the dura with a needle #22 in the area corresponding to the forepaw and a plastic-
coated tungsten electrode was inserted (FHC impedances 1-4MΩ, coordinates from bregma:
AP: 0 mm, DV: 0 mm, L: 3 mm). Extracellular signals were recorded simultaneously with
optical imaging (preamplifier: WPI, DAM 70 3-3000Hz, DAC: NI-6143 at 10 kHz). To obtain
MUA, the electrode signal was filtered (100 Hz to 8 KHz bandpass) and events (spikes) were
defined by crossings of a threshold equal to four times the root mean square of the baseline
state and binned into 33 ms bins. To obtain LFPs, extracellular recordings were spectrally
decomposed (FFT, MATLAB; sliding window of 200 ms, step size of 33 ms) and integrated
over two frequency bands: low-frequency, 10 to 56 Hz, and high-frequency, 66 to 130 Hz,
avoiding 60 Hz, and referred to later as LFP(low) and LFP(high), respectively. Resulting
MUA and LFPs were then low pass filtered and downsampled to match the sampling rate of
hemodynamic data (5 Hz).
7.6.4 Data processing and selection
Spectroscopic imaging analysis is similar to previous published work (Dunn et al., 2003).
Reflectance signals from the LEDs were collected with the CCD camera and were converted
to changes in absorption A = log(R/R0). A pseudo-inverse and the modified Beer-Lambert
law were used to extract relative changes in deoxyhemoglobin (HbR), and oxyhemoglobin
(HbO). Different path lengths factors were used depending on the scattering and absorption
properties of tissue at distinct wavelengths with D(λ) taken from Dunn (Dunn et al., 2005)
and Kohl (Kohl et al., 2000). Baseline concentrations of 60 µM and 40 µM for HbO and HbR
were assumed (Dunn et al., 2005). Blood flow was computed by calculating the spatial
fluctuations of the speckle produced by coherent light from a laser diode. 5×5 pixel regions
were used to calculate the contrast image and the relative variation of blood flow (Duncan and
Kirkpatrick, 2008; Dunn et al., 2001, 2005). For each animal, a region of interest (ROI) around
the maximum response was defined manually, contributions from medium and large arteries
and veins found in the ROI were carefully removed, and the average over the remaining pixels
was calculated to obtain the hemodynamic time series to be deconvolved with SCKS.
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7.6.5 Sensitivity-specificity analysis
Sensitivity and specificity analysis was carried out using standard receiver operating
characteristic (ROC) curves. First, each signal data series (in turn SCKS estimated in-
put, LFP(high) or LFP(low), MUA, or electrical stimulations information) was divided into
1.6 s windows (results were relatively insensitive to this choice of window size, see section
3.3). Next, a notion of truth had to be defined, referred to as the gold standard (GS). When
using the periods of electrical stimulation as GS, each window was set to true if a stimulation
had occurred during the window (even if the overlap was tiny, as when a window fell at the
beginning or end of a stimulation train), and false otherwise. When using the LFPs or the
MUA amplitudes as GS, a fixed threshold was used, set to the mean GS signal plus one
standard deviation (SD) of the GS signal amplitude outside the stimulation periods, defined
as starting 3 s after the previous stimulation and ending 3 s before the next. Each window
was then set to true if the recorded amplitude exceeded this GS threshold anywhere in the
window, and false otherwise.
For a chosen GS notion of truth, to construct the ROC curves of each detection (D)
signal (one of the SCKS estimated inputs, LFPs or MUA), another threshold was set, this
time on the D signal. For each window, a detection was declared if the D signal amplitude
exceeded the D threshold anywhere in the window. For a given D signal threshold, a count
of the number of true (resp. false) positives was thus obtained if detections occurred during
true (resp. false) windows and of true (resp. false) negatives if no detection occurred during
the false (resp. true) windows. Receiver operating characteristic (ROC) curves of sensitivity
against the false positive rate were calculated by varying the D signal threshold over the full
range of the detection signal. The ROC area was provided as a convenient single number
representative of the performance of detection. An area of 50% was expected by chance
alone, while an area of 100% showed perfect detection accuracy. Another useful measure was
the positive predictive value, which was the proportion of positives detections that were true
positives.
7.7 Results
7.7.1 Evaluation of estimated neural input and neural measures with stimula-
tion protocol as gold standard
With rat hemodynamic data series deconvolved to recover neural inputs, and LFPs and
MUA filtered as explained in the methods, the quality of the SCKS fit was displayed in a 300 s
representative sample of data from one rat (Fig. 7.1). The SCKS fit of HbR, HbT and blood
flow matched closely the hemodynamic measurements of the same quantities (Fig. 7.1A).
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Indeed, few differences were discernable on a 300 s window, so an 80 s zoomed in window was
provided (Fig. 7.1C), where the fit of blood flow showed less accuracy, compared to HbR and
especially HbT for which the fit still looked nearly perfect, yet arguably without overfitting.
Using the stimulations as GS, the scoring of true and false positives and negatives (Fig.
7.1B) was illustrated for this 300 s window for 3 different detection signals (SCKS, LFP(high)
and MUA). In this example, the displayed threshold for detection from the deconvolved signal
was chosen to get 85% of true positives, and the window size was 4 s. Following the time
course for each of the 3 detection signals, a mildly interesting story could be told of good
detections and near misses. It is possible that a more sophisticated detection metric could
have detected the near misses or excluded the false detections. However the objective here
was not to work on improving the detection or the SCKS deconvolution algorithms, but to
statistically quantify the performance of the given algorithms at recovering the neural inputs.
For that purpose, ROC curves were illustrated for one rat and 4 detection signals (Fig.
7.2A) and the results were shown on the group of 9 rats (Fig. 7.2B). With electrical stim-
ulations as GS, LFP(high) performed best for this rat and for the group on the ROC area
measure, followed closely by LFP(low), MUA and finally SCKS. At the group level, the dif-
ference in performance of neural measures was also not significant, with LFP(low) performing
best on the median, followed by MUA and LFP(high). The neural measures showed higher
(by about 10%) ROC median areas than the SCKS estimated input, with all (neural measures
and SCKS input) showing similar variability (again about 10%, on standard deviation).
7.7.2 Evaluation of SCKS estimated inputs with neural measures as gold stan-
dard
In this subsection, a study was made of how signal detection using SCKS estimated
inputs was affected when using electrophysiological measures instead of the stimulation pro-
tocol as the truth. It was of interest to see their performance not only over the full experi-
ment (Figs. 7.3A and 7.3C), but also during the periods excluding the electrical stimulations
(Figs. 7.3B and 7.3D). These periods excluding the electrical stimulations could reflect “spon-
taneous” neural activity. Recall from section 2.5 that they were operationally defined as the
periods starting 3 s after the end of a stimulation and ending 3 s before the start of the next
stimulation.
Sample ROC curves for the SCKS estimated inputs were drawn for the best 2 recordings
(individual rats, Figs. 7.3A and 7.3B) and group results are presented as boxplots (Figs. 7.3C
and 7.3D). When ROC curves were constructed by focusing on spontaneous fluctuations (out-
side of stimulation periods), performance was significantly reduced (Fig. 7.3D). At the group
level, no significant difference was observed in the performance of LFP(low) and LFP(high),
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Figure 7.1: A. Fit obtained from SCKS overlaid over the measured hemodynamic response for
HbR, HbT and flow. B. Representative sample over a 300 s window of SCKS estimated input
and associated detections. LFPs and MUAs for the same time course shown below. Onset and
duration of electrical stimulations (1, 5 or 15 s) shown as thick horizontal black bars. Vertical axis
in arbitrary units. Symbols for true positives (TP), false positives (FP), false negatives (FN) and
true negatives (TN) set in middle of 4 s windows used detections. Detection threshold chosen shown
as thin horizontal black lines, with 85% of true positives for whole time course (3500 s). C. 80 s
zoom of Fig. 1A further showing fit accuracy.
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Figure 7.2: ROC curves (parameterized by detection threshold) and areas for LFP(low),
LFP(high), MUA and SCKS estimated input, with electrical stimulations defining truth. A. ROC
curves for best recording (one rat). B. Distributions of ROC areas for group of 9 rats. Median,
minimum, maximum, and 25th and 75th percentiles shown with boxplots.
despite differences reported in Sirotin and Das (2009). Whether neural measures or stim-
ulations were used as truth, ROC area variability was similar (except MUA over whole
experiment, where variability was higher).
7.7.3 Effects of window size and of thresholds for neuronal measures as gold
standard
Concerned about the relatively low values for detections at the chosen detection thresh-
olds outside of stimulation periods, several attempts were made to improve this situation,
discussed in turn below: effect of changing the window size (Fig. 7.4A), of changing the GS
threshold (Fig. 7.4B), of changing the detection threshold (Figs. 7.4C and 7.4D), and of
physiological fluctuations (next subsection). In this subsection, data with LFP(low) as GS
were shown since in the previous section this choice of GS among the neuronal measures led
to the highest ROC curve areas). Results were similar with LFP(high) or MUA as truth (not
shown).
To explore the effect of changing the window size, an effort was made to remove one
confounding effect: perhaps due to non-linearities due to neural response over the time course
of longer stimulations, differences in SCKS performance were noted for stimulations of 1, 5
and 15 s (see also Fig. 7.5B). Restricted datasets were thus constructed: for 1 s stimulations,
the data was restricted to periods starting 3 s before a 1 s stimulation and ending 3 s before
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Figure 7.3: ROC curves and areas for best two recordings for detection with SCKS inputs as
signals, based on different measures of neural activity activity as GS (LFP(low), LFP(high), MUA),
A. over whole experiment and B. only over windows excluding stimulations (for “spontaneous”
activity). Individual rats labeled by curves of different colors. For these 2 rats, A. little difference
between neural measures and stimulations as truth and B. for spontaneous activity, areas were lower,
but better than chance. At group level, similar results were found for ROC area with SCKS inputs
as detection signal and neural activity activity as GS: C. over whole experiment and D. excluding
stimulation periods. SCKS estimated input ROC areas were lower (slightly for LFP(low) as truth)
when using neural measures as GS than when using electrical stimulations. Excluding stimulation
periods however, ROC areas were even lower by an additional 10%. For most rats, detectability
of spontaneous activity was better than chance alone. LFP(low) was best performer among neural
measures over whole experiment and during rest periods.
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the next stimulation; similarly for 5 s and 15 s datasets. It was noted that the mean (and
median) ROC area for detection over the restricted datasets was greater than for detection
over the whole experiment (increase in ROC area of about 5%, results not shown except for
1 s datasets (Fig. 7.4A)). For detections over the whole experiment, the detection thresholds
were therefore never optimal for all 3 stimulation types simultaneously.
To exclude these potential non-linearities from the effect of varying the detection window
size, the dataset restricted to 1 s stimulations was used. ROC areas were calculated as
the window size was varied from 0.4 s to 4.8 s in 0.4 s increments (Fig. 7.4A). The optimal
window size obtained was 1.6 s based on the mean ROC area and corresponded approximately
to the minimal fluctuation time scale (see Fig. 7.1C). However, the variability of ROC areas
indicated that window size had little impact on the results in this work.
Next, the effect of changing the GS threshold was considered. Due to the much stronger
amplitude of responses during stimulations than during spontaneous activity, the periods of
stimulation were excluded for this test. Previously, the GS threshold was set to one standard
deviation above the mean of the GS signal, calculated during periods in-between stimulations.
For this test, the ROC area was calculated for different GS thresholds with LFP(low) as GS
(Fig. 7.4B), over periods excluding stimulations. A peak in mean ROC area was seen at
a threshold of 2.75 SD above mean, but few positives were left (14±7) so far in the tail
of the distribution. Considering that mean ROC areas showed little variation with the GS
threshold, a threshold of 1 SD above mean was chosen as a fair compromise between higher
ROC areas and having enough positives left (83±47).
Finally, beyond the information already contained in ROC curves, the effect of changing
the detection threshold was further studied. It was noted that the Positive Predictive Value
(PPV) was low for thresholds below and up to the mean of the detection signal (Fig. 7.4C,
showing PPV with detections performed either over the whole experiment or during the
periods excluding electrical stimulations). The PPV was higher and had larger variance for
higher thresholds, reaching almost 80% during the whole experiment but not even reaching
30% over periods excluding stimulations. However, these higher values of the PPV were
accompanied by a rapid decrease of positives detection number (Fig. 7.4D). Despite this
decrease, this test showed that for ROC curves calculated over periods excluding stimulations,
there was still a range of detection thresholds (from -1 to +1 SD from mean) where enough
true positive events existed and the PPV value was well above zero, so that ROC curves
could be considered reliable.
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Figure 7.4: A. Effect of detection window size on group mean ROC areas and SD, for periods
of 1 s stimulations (see text). Optimal window size was 1.6 s based on mean, but results were
mostly insensitive to choice of window size. B. Effect of GS detection threshold on ROC area.
Truth threshold defined as multiple of standard deviations from mean truth signal, for detections
over periods in-between stimulations. Threshold of 1 SD above mean (used for Fig. 7.3) viewed
as optimal. Finally (see text), effect of signal detection threshold on C. positive predictive value
(PPV) and D. number of true positives.
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7.7.4 Other effects: group vs individual hemodynamic priors, ipsi vs contralat-
eral cortex, use of flow data, physiological noise removal
Many other potential effects could play an important role in the performance of the
deconvolution method for real data. This subsection reports briefly different effects, which
are presented as group means of ROC areas (Table 7.1). In rows, the ROC area (± SD)
is shown for the SCKS estimated inputs with, in turn as the GSs, stimulations, LFP(low)
and LFP(high) over whole experiment and LFP(low) and LFP(high) during rest periods in
between stimulations. An additional row shows the mean squared error (MSE). In column 1,
the base case is shown, which consisted of the following 4 features and was covered in detail
in previous sections: (1) deconvolution was performed with hemodynamic parameters of B-F
model customized to each rat individually, (2) blood flow measurements (as well as HbR
and HbT) were used for the deconvolution, (3) a GLM to remove physiological confounds
was not used, and (4) the cortical region contralateral to stimulations was used for optical
measurements.
In the next 4 columns, exactly one change was made with respect to the base case.
In column 2, priors for biophysical parameters of the B-F model were group-level priors.
Individual priors performed better than group priors, when stimulations were used as the
truth. However, for LFP(low) outside stimulation periods, no difference was seen. In column
3, the noisier measure of blood flow was excluded from SCKS deconvolution. Results were not
statistically different from the base case (except for stimulations as GS, where excluding blood
flow reduced the mean ROC area). In column 4, a general linear model (for the electrical
stimulations, as well as the heart rate and blood pressure with delays from -3 to 3 s in 1 s
steps, all convolved with the hemodynamic response function produced by the B-F model,
adding up to 22 regressors) was used to remove physiological confounds. Outside stimulation
periods, no difference in detectability was seen compared to base case. This was an indication
that systemic physiology had been adequately controlled during the experiments. In column
5, a region ipsilateral (L) to stimulation was used for deconvolution from the optical measures.
Neural measures came from the contralateral side. For all choices of GSs shown in the table,
the contralateral deconvolved neural input correlated better to the stimulations than the
ipsilateral side.
7.7.5 Evaluation of SCKS reconstructed states
So far, attention was focused on the SCKS estimated inputs. However more information
is produced by this Bayesian deconvolution scheme, including all the states of the B-F model.
It was then of interest to see how well the hemodynamic states were recovered by SCKS. In
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1 2 3 4 5
Base Group No blood GLM Ipsilateral
case priors flow confounds region
Gold standard
Stimulations 0.78±0.06 0.69±0.09** 0.76±0.06* 0.76±0.10 0.56±0.05**
LFP(low) 0.78±0.05 0.73±0.10* 0.78±0.06 0.75±0.11 0.63±0.09**
LFP(high) 0.76±0.08 0.70±0.10* 0.75±0.08 0.73±0.12 0.62±0.08**
LFP(low), ex. stim. 0.63±0.12 0.59±0.12 0.62±0.12 0.62±0.12 0.58±0.12*
LFP(high), ex. stim. 0.62±0.10 0.59±0.11* 0.62±0.12 0.62±0.10 0.57±0.10**
Mean squared error 0.56±0.35 0.69±0.31 0.14±0.14* 0.51±0.29 0.83±0.30**
Table 7.1: ROC areas and SD of SCKS estimated input for base case and 4 other deconvolution
variants (columns), for stimulations, LFPs over whole experiment and LFPs excluding stimulation
(ex. stim.) periods as truth. Significance of paired T-test with respect to column 1: *:P<0.05,
**:P<0.01 .
general, such states are hidden variables of the model, not directly accessible to measurement.
Fortunately in the experimental setup here, the states (flow, HbT and HbR) of the B-F model
were linearly related to the measurements, up to normalization, instrument and physiological
noise. States could be constructed in three different ways: from the SCKS estimated states,
from the measurements and from the hemodynamic response generated by the B-F model
with a neuronal measure as inputs (here LFP(low)). For each rat, the states corresponding
to the 1 s, 5 s and 15 s stimulations were averaged over the 40 repetitions. At the subject
level, differences between SCKS estimated states, the hemodynamic response to the LFPs
generated by the B-F model, and the actual measurements were not statistically significant.
To compare the states at the group level, an overall rescaling factor for each rat was then
applied to the averaged states so that the largest amplitude change, measured from peak to
trough, was rescaled to unity. The mean and SD of the resulting normalized curves were
plotted (Fig. 7.5A, HbR only). For all stimulation durations, an “initial dip” (Buxton, 2001),
(here shown as a brief (1 s) initial increase of HbR), was seen in the measured states and
the LFP(low) generated states, but only weakly in the SCKS states. This could be due to
a filtering effect of SCKS that did not allow rapid enough changes in neuronal input. For
the 15 s stimulations, a double peak was noted (shown here as a double dip in HbR, also
observed in (Martindale et al., 2005; Zheng et al., 2010)).
Returning to the neural inputs u(t), the shape of the SCKS estimated inputs was compared
to the more direct measures of neural inputs given by LFPs and MUA measurements. For
that purpose, a similar averaging as described above was performed on the SCKS estimated
inputs and on the LFP(low) and MUA measures (after preprocessing as explained in Methods
to obtain a 5 Hz data series; please note that the presence of acausal electrophysiological
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A
1 s 5 s 15 s
B 1 s 5 s 15 s
Figure 7.5: For 1 s (left), 5 s (middle) and 15 s (right) stimulations, A. HbR response measured,
reconstructed by LFP(low) via the B-F model and by SCKS deconvolution, and B. Neuronal signals
for LFP(low) and MUA and SCKS reconstructed signal u(t). Error bars: SD.
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responses preceeding stimulation onsets by up to 300 ms in Fig. 7.5B was a blip due to a
residual widening of the shape of the electrophysiological responses coming from the filtering
of artefacts at 60 Hz and 5 Hz caused by interaction between switching of laser illumination
and the electrophysiological recordings, and remained a limitation to the onset phase of
the neural measures). The reconstructed inputs showed a prolonged undershoot and were
temporally wider than the measured neuronal activity, either by LFP(low) or MUA. For 15 s
stimulations, the SCKS estimate also showed a double peak, probably coming from a low pass
filtering effect of the SCKS algorithm. Aside from these differences, the shapes of neuronal
measures and reconstructed inputs were remarkably similar.
7.8 Discussion
The initial goal was to assess whether recently developped deconvolution methods reflected
the neural inputs as measured by stimulations, LFPs and MUA. Results showed that for
events that were well defined and stimuli driven, deconvolution performed very well and events
could be recovered. For spontaneous (or spurious) events, intensity of the neural activity was
smaller both in amplitude and in duration. The deconvolution method allowed to recover a
reconstructed measure of neural activity that correlated with the neural LFPs and MUA. This
observation is relevant to resting-state investigations. Moreover, since SCKS reconstructions
performed better when using individual priors, it suggests a benefit for resting-state studies
in including scan time under stimulation in order to estimate the individual hemodynamic
response.
The SCKS method has other potential applications. For example, in epilepsy research,
identifying neural events based on electroencephalography (EEG) is notoriously difficult,
time-consuming and subjective. For imaging methods like fMRI which depend on EEG to
detect events indicating the onset of a hemodynamic response, one could hope to use the
estimated inputs of SCKS in lieu of EEG. While neither EEG marking nor SCKS will recover
all the neural signals, it was shown in simulations (Machado et al., 2011) that GLM estimates
remain reliable even when some fraction of events has been missed, supporting this strategy.
7.8.1 Application to spontaneous neural fluctuations
Statistical results showed that deconvolution outside of stimulation periods were only
slightly better than chance, even with the added constraints brought by the multimodal ap-
proach. Also, Fig. 7.4C showed that by restraining the analysis to SCKS detections of high
amplitude, the PPV score increased, indicating a better coupling between hemodynamic re-
sponse and neuronal activity at high amplitudes. However, PPV never reached a value near
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1. These observations suggest neural and hemodynamic response uncoupling, an example of
which was recently described (Sirotin and Das, 2009). As for reasons why the SCKS inputs
did not correlate even better with the spontaneous neuronal activity, it might be that the
stimulations were too strong and that the hemodynamic response from stimulations inhibited
the spontaneous fluctuations, either reducing their amplitude or their frequency occurrence.
However, in all cases, stimulations were below muscle threshold and the hemodynamic re-
sponse from stimulations remained much smaller than the observed physiological signals. In
summary, it was clearthat under no choice of GS or detection thresholds could SCKS recover
100% of the neural events. These results provide indication that using such deconvolution
on resting state signals might be more challenging than originally thought.
7.8.2 Effects of the different detection measures
The methods used above relied upon many parameters. The results were evaluated in view
of some of the choices that were made in a number of these parameters (sections 3.3 and 3.4).
Results mildly changed with the size of the detection window (within a 0.4 to 4.8 s range)
and GS thresholds. Alternative definitions of SCKS inputs detection were tested, based on
the area under the SCKS input signal and on SCKS signal power (results not shown). The
detection method with a threshold set on signal amplitude used here always yielded better
ROC curves suggesting that it was an adequate choice.
7.8.3 Limitations
While optical imaging offered the opportunity to use different components of the hemo-
dynamic response for deconvolution, its spatial sampling remained limited to the cortex.
BOLD based deconvolution could use the anatomy to identify a subset of fluctuations due to
physiology and regress these out of the data prior to deconvolution. The poorer performance
found for spontaneous events might be significantly improved if physiological fluctuations
were more thoroughly controlled. Removing this systemic physiology was attempted here by
using a GLM of confounds built with regressors for cardiac rate and respiratory amplitude
and rate (and also hemodynamic responses in other regions of the superficial dorsal cortex
imaged away from the main activations, results not shown). However, GLM-corrected data
did not lead to higher ROC area measures.
In this study, the periods where no stimulation occured were limited to small periods (14 s
duration) between stimulation periods, which did not represent a true resting state. The
performance observed above would have to be validated in realistic resting state conditions
to see if there would be improvements. An animal epilepsy model might be appropriate here
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and will be the subject of further studies.
7.9 Conclusion
Modern deconvolution strategies may hold the promise of recovering neural inputs from
hemodynamic measurements, which could have many interesting applications, such as tighter
modality fusion between EEG and fMRI, better description of causal triggers between brain
regions, and as an alternative method to extract useful neural information. However with few
exceptions (see Friston et al. (2008) for an example on human BOLD data), these deconvo-
lution methods had not been validated beyond computer simulations. Here, the performance
of deconvolution was tested in controlled animal experiments undergoing electrical stimula-
tions, with multimodal optical imaging and electrophysiological recordings. SCKS performed
well for detection of stimulations and a good correlation was found between estimated neural
inputs and actual neural measurements. For spontaneous neural activity, correlations were
much lower, but still better than chance. This suggests that the deconvolution program may
live up to its promise.
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7.10 appendix A: Buxton-Friston model
The Buxton-Friston (B-F) hemodynamic model has been described extensively elsewhere
(Buxton et al., 1998; Friston, 2000). The state variables were defined by X = {xsf , xf , xv, xq}
with parameters α = {κsf , κf , τ, α, E0, εf}, and the inputs were u(t). With the data in
this work, this was a single-input, multiple-output (SIMO) model as blood volume, deoxy-
hemoglobin changes and flow were measured. The state equations were:
x˙sf = εfu(t)− κsfxsf − κf (xf − 1), x˙f = xsf
x˙v =
1
τ
(xf − fout) where fout = x1/αv (7.1)
x˙q =
1
τ
(
xf
1− (1− E0)1/xf
E0
− xqx−1+1/αv
)
.
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The integration for xf , xv, xq was performed in log space to enforce their positivity. The
measurement model for the outputs y = g(x) was
yHbT = cv(xv − 1), yHbR = cq(xq − 1) and yCBF = cf xf + fout − 2
2
where the first two time series were obtained from intrinsic imaging, the last from speckle
imaging, and cv, cq and cf were constants fitted from the data.
7.11 appendix B: Details on SCKS
More information is now presented on the dynamical system to be studied and the SCKS
algorithm. The dynamical system consisted of 5 extended states x˜ = {x˜1, . . . , x˜5} = {x, u}
(with the time index suppressed for now) for the 4 states x of the B-F model and for the
neuronal input u. The objective was to estimate x˜, and especially u, from the multimodal
measurement data. The input u was assumed to follow a zero-mean Gaussian processN (0, V )
with constant variance V . The states were assumed to follow continuous-time coupled first
order nonlinear stochastic differential equations (SDE) with additive white noise (Weiner
process Wt) with p constant parameters α = {α1, . . . , αp} (here p = 6):
dx = f(x˜, α)dt+ σdW . (7.2)
The additive noise assumption meant that the 4 by 4 matrix σ was independent of x˜. It
was also assumed that σ was a constant matrix, to be estimated from the data. The output
measurements, at discrete times and denoted y = {yHbO, yHbR, yCBF}, were of a linear form
and independent of u, with r = {rHbO, rHbR, rCBF} a zero-mean Gaussian noise process (with
covariance R also to be estimated from the data):
y = g(α)x+ r. (7.3)
The SDEs for the states were solved by Ito integration:
xt+∆t = xt +
∫ t+∆t
t
f(x˜, α)dt+ σ(Wt+∆t −Wt). (7.4)
To numerically evaluate the integral, the local linearization scheme was used. With a ∆t = 1
time step, this gave:
xt+1 = xt + J
−1(eJ − 1)f(xt, ut, α) + qt, ut+1 = ut + vt (7.5)
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where J = ∂f/∂x was the Jacobian of f evaluated at t, and q and v were zero-mean Gaussian
processes with covariance Q = σTσ and V respectively.
The forward pass filter was initialized with x˜ = 0, and prior values were assigned for the
square-root S of all the covariance parameters, namely for Q, V and R, such that SST =
diag (Q, V,R). In the time update step, the predicted density p(x˜t+1|y1:t) was computed,
with the notation 1:t indicating all time points up to time t. In particular, this allowed
the prediction of the neuronal input u. In the measurement update, the posterior density
p(x˜t|y1:t) was computed. For completeness, these 2 parts of the SCKF algorithm are now
succintly spelled out (A and B):
A- At each time step t, with the posterior density p(x˜t|y1:t) = N (x˜, SST ) known, with
all quantities evaluated at time t (e.g. x˜ = x˜t|t, S = St|t, etc.), the time prediction update
consisted of the following 5 steps (SCKF):
(1) The state-dependent part SQ of the square-root covariance was annealed, which consisted
in setting to zero its off-diagonal entries and scaling down its diagonal entries by a factor
λ−1/2 − 1 with λ close to 1 (actually 0.9995 here).
(2) The cubature points Xi = Sξi + x˜, i = 1, . . . , 2N , were evaluated, with ξi =
√
N
2
[1]i and
[1] denoting the set of 5-vectors with one entry equal to 1 or -1 and the other entries are 0.
(3) The nonlinear function was evaluated at the cubature points: χi = f(Xi, α).
(4) Replacing the predicted density integral for the expectation of the mean
x˜t+1|t =
∫
x˜p(x˜|y1:t)dx˜ by the cubature points average, the predicted states and input x˜t+1|t =
1
N
∑N
i=1 χi were estimated.
(5) The square root of the covariance was calculated as the triangular matrix resuulting
from QR decomposition of the weighted and centered propagated cubature points (χ˜i =
χi− x˜t+1|t/
√
2N , stored for the backward pass) and the states and input covariance: St+1|t =
QR(χ˜i Q V ).
B- With the predicted density p(x˜|y1:t) = N (x˜t+1|t, St+1|tSTt+1|t) known from steps (4)
and (5) above, understanding that variables were evaluated at time t+ 1 conditional on the
history up to time t (e.g. x˜ = x˜t+1|t, S = St+1|t, etc.), the measurement update consisted of
the following 9 steps:
(1) The cubature points were evaluated: Xi = Sξi + x˜.
(2) The cubature points were propagated: Yi = g(Xi, α).
(3) The predicted measurement was estimated: yˆ = 1
N
∑
Yi.
(4) The measurement (innovation) covariance matrix was estimated: Pyy =
1
N
∑
YiY
T
i −
yyT +R.
(5) The cross covariance matrix was estimated: Pxy =
1
N
∑
XiY
T − xyT .
(6) The Kalman gain was estimated: K = PxyP
−1
yy .
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(7) The states and input were updated: x˜t+1|t+1 = x˜+K(yt+1 − y).
(8) The error covariance was updated: Pt+1|t+1 = P −KPyyKT .
(9) The log-likelihood was calculated by log(y|α) = −T
2
(log(2pi) +
∑
(log |SST |+ eeT
SST
), with
S = Syy,t+1|t and e = yˆ − y, summing over all time points (T ).
The forward pass now complete, the backward pass consisted in a Rauch-Tung-Striebel
smoother, to compute the smoothed density p(xt|y1:t), but its description will be omitted and
can be found in (Havlicek et al., 2010, 2011).
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CHAPITRE 8
DISCUSSION GE´NE´RALE
Les mesures de l’activite´ neuronale a` travers la re´ponse he´modynamique sont utilise´es
maintenant depuis plus d’une de´cennie. Ces mesures, par leur caracte`re non invasif, ont permis
de faire avancer la compre´hension du fonctionnement du cerveau, permettant de quantifier et
de localiser l’activite´ neuronale suite a` une tre`s grande varie´te´ de stimulations. Toutefois, on
ne peut pas dire que ces techniques soient arrive´es a` leur maturite´ puisqu’elles existent dans
les centres de recherche mais tre`s peu se servent du couplage neurovasculaire comme outil de
diagnostic.
D’une part, les donne´es recueillies sont tre`s bruite´es, ce qui implique des enregistrements
longs pour obtenir un bon RSB. D’autre part, meˆme pour des personnes d’un meˆme groupe
d’aˆge, les re´ponses BOLD varient beaucoup entre les individus (Aguirre et al., 1998). Tant que
les parame`tres physiologiques influenc¸ant la re´ponse he´modynamique ne seront pas connus, il
demeurera difficile d’utiliser la re´ponse he´modynamique comme outil de diagnostic. Toutefois,
il est ne´cessaire de continuer la recherche dans ce domaine puisque les outils a` notre disposition
actuellement ne permettent pas d’obtenir une bonne mesure de l’activite´ neuronale.
8.1 Performance du montage
Avant d’effectuer l’analyse des donne´es de vieillissement, il e´tait ne´cessaire de construire
un montage d’IOI ade´quat. Le syste`me construit permet d’enregistrer a` une vitesse de 5
Hz les signaux lumineux provenant de 4 sources d’illumination diffe´rentes. La majorite´ des
enregistrements ont e´te´ effectue´s avec une image ayant une dimension de 280·560 pixels. Avec
le montage dans son e´tat actuel, cela permet d’enregistrer sur presque toute la largeur du
cerveau d’un rat et de part et d’autre de la re´gion d’inte´reˆt dans ce cerveau. Il est toujours
possible que le syste`me perde certaines images, mais le synchronisme est toujours conserve´.
Simultane´ment a` l’acquisition d’IOI, le montage permet de suivre 5 signaux physiolo-
giques :
1. le rythme cardiaque : permet d’observer si les stimulations ont un effet physiologique ;
2. la pression arte´rielle : permet de suivre en partie le degre´ d’anesthe´sie de l’animal ;
3. la pression expiratoire : permet de suivre le rythme respiratoire et de suivre lorsque le
rat effectue une respiration par lui-meˆme ;
4. la tempe´rature : permet de ve´rifier le bon fonctionnement du tapis chauffant ;
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5. le CO2 expire´.
Lorsqu’un animal est dans un e´tat stable, les mesures physiologiques ne sont pas tre`s utiles,
par contre, elles sont tre`s pertinentes pour tenter d’expliquer des changements inattendus
dans la re´ponse he´modynamique au cours d’une expe´rience.
Malgre´ tous les ajustements effectue´s, il est difficile d’obtenir des valeurs de CO2 expire´
(end tidal CO2) aussi basses que les valeurs habituelles mentionne´es dans la litte´rature 5%
expired CO2 rat (Dunn et al., 2005; Devor et al., 2007). Par contre, des valeurs semblables
a` nos valeurs sont aussi utilise´es 7% (Huttunen et al., 2008). Nos valeurs e´leve´es peuvent
peut-eˆtre s’expliquer par la position de la sonde de CO2 dans l’embout trache´al qui n’est pas
exactement positionne´ a` la sortie de la trache´e, dans ce cas, une mesure du pCO2 serait tre`s
utile.
8.1.1 Diodes
Les diodes changent de longueur d’onde en fonction de la tempe´rature. Ce re´sultat e´tait
visible dans les 30 premie`res secondes d’un enregistrement. Par la suite, les longueurs d’onde
variaient seulement d’un ou deux nm. Toutefois, aucune mesure de controˆle n’est actuellement
disponible dans le montage pour ve´rifier les fluctuations d’illumination en cours d’enregistre-
ment.
Selon les e´quations reliant l’intensite´ de la lumie`re mesure´e par le de´tecteur et les concen-
trations d’HbO et d’HbR (e´quation 3.2), il suffit d’effectuer les enregistrements avec deux
longueurs d’onde pour retrouver les concentrations d’HbR et d’HbO. En pratique cependant,
comme les proprie´te´s d’absorption et les concentrations d’he´moglobine au repos ne sont pas
connues avec pre´cision, il est utile d’avoir plus de longueurs d’onde pour avoir un proble`me
plus contraint et obtenir un meilleur estime´ des changements de concentrations. Ainsi, Devor
et al. (2008) utilisent 6 longueurs d’onde entre 560 et 610 nm, Sasaki et al. (2002) utilisent
des longueurs d’onde de 605, 630, 730, 750, et 850 et Sato et al. (2002) mesurent un spectre
complet entre 500 et 650 nm. Lors de la conception du montage, nous avons utilise´ des diodes
de longueur d’onde de 525, 590 et 637. Il aurait e´te´ inte´ressant d’avoir des diodes de lon-
gueurs d’onde interme´diaires. Elles n’e´taient cependant pas disponibles sur le marche´ lors de
la conception. Si des diodes haute intensite´ a` ≈560 et ≈620 nm deviennent disponibles, il
serait pertinent d’ajouter ces longueurs d’onde a` notre montage pour reconstruire les concen-
trations d’HbO et d’HbR avec plus de pre´cision. Par contre, les tests (non pre´sents dans la
the`se) comparant les changements de concentration obtenus avec 2 ou 3 longueurs d’onde
ont donne´ des re´sultats assez similaires, ce qui indique que l’ajout d’autres longueurs d’onde
apporterait un avantage limite´.
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8.1.2 Synchronisme
Le synchronisme des images est controˆle´ par la came´ra et a une pre´cision de l’ordre de
la ms. Pour ce qui est de la stimulation, celle-ci est ge´ne´re´e a` une fre´quence de 10 kHz.
Par contre, une erreur initiale dans le code a e´te´ repe´re´e en fin de doctorat et le temps des
stimulations a e´te´ sauvegarde´ avec une incertitude de ±50 ms. Ce re´sultat a peu d’influence
puisque la fre´quence d’acquisition de chaque couleur est de 5 Hz, mais causerait des proble`mes
si on augmentait la fre´quence d’acquisition du montage.
Les mesures e´lectrophysiologiques sont enregistre´es a` 10 kHz. Lors de chaque stimulation
e´lectrique, un arte´fact de stimulation est produit sur le signal e´lectrophysiologique, cela per-
met de mesurer le temps de re´ponse, les MUA et les LFP avec une pre´cision de 10 kHz malgre´
l’incertitude de ±50 ms du temps de stimulation.
8.1.3 E´lectrophysiologie
Avec un pre´amplificateur ade´quat, l’enregistrement du signal e´lectrophysiologique ne pose
pas de proble`me en soit si ce n’est les proble`mes habituels des enregistrements e´lectrophy-
siologiques. En utilisant une e´lectrode de faible impe´dance, on capte seulement les signaux
LFP (c’est ce qui s’est produit sur plusieurs rats utilise´s). Pour les enregistrement avec des
e´lectrodes de haute impe´dance, le signal est tre`s sensible au signal parasite provenant de l’ali-
mentation e´lectrique du laboratoire (60, 120,180,... Hz), si bien qu’il est difficile d’observer les
re´ponses neuronales en direct a` l’e´cran. Un post-traitement du signal dans le domaine de Four-
rier a permis d’e´liminer la presque totalite´ de ces arte´facts (60, 120,180,... Hz) sans modifier de
fac¸on importante la forme de notre signal. L’ajout d’une cage de Faraday pourrait permettre
d’observer le signal e´lectrophysiologique en direct et simplifierait le post-traitement, mais
compliquerait le montage et les manipulations de l’animal. Ainsi, la cage n’est pas ne´cessaire
si on s’inte´resse seulement au signal neuronal LFP.
8.2 Article #1
8.2.1 Physiologie
Dans le cadre du vieillissement, peu d’e´tudes ont tente´ de mesurer les changements de
re´ponses he´modynamiques avec l’aˆge. Les e´tudes d’IRM analysant habituellement les don-
ne´es avec une re´ponse he´modynamique canonique, il en existe peu qui suivent l’e´volution
temporelle de la re´ponse he´modynamique au cours du vieillissement.
Le premier article a de´crit l’e´volution de la re´ponse he´modynamique a` plusieurs stades du
vieillissement. Une premie`re observation est une diminution de l’amplitude du changement
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de de´bit et des changements d’he´moglobine avec l’aˆge. Ces re´sultats sont en accord avec
les re´sultats obtenus en IRM qui montrent une diminution du signal BOLD avec l’aˆge chez
l’humain (Restom et al., 2007; Ances et al., 2009). Par contre, certaines e´tudes (D’Esposito
et al., 1999) ont montre´ une plus grande variabilite´ des re´sultats avec l’aˆge chez l’humain, ce
qui n’e´tait pas observable dans nos re´sultats chez le rat.
Les amplitudes des re´ponses he´modynamiques diminuaient avec l’aˆge. Toutefois, en uti-
lisant le montage d’IOI, nous avons pu mesurer les changements de plusieurs composantes
he´modynamiques. Les re´sultats ont montre´ par exemple que le ratio HbO/HbR diminuait
de fac¸on significative avec l’aˆge. L’enregistrement de plusieurs composantes de la re´ponse
he´modynamique a amene´ une plus grande compre´hension de la dynamique vasculaire par
rapport a` des mesures du BOLD se basant uniquement sur la mesure de sang de´soxyge´ne´.
Par contre, le re´sultat peut s’interpre´ter de deux fac¸ons ; soit il y a un changement dans le
couplage neurovasculaire avec l’aˆge, soit les concentrations au repos de HbO et HbR sont
modifie´es avec l’aˆge. Le montage actuel ne permet malheureusement pas de re´pondre a` cette
question.
Une autre indication de la modification de la re´ponse he´modynamique avec l’aˆge est l’aug-
mentation du de´lai de la re´ponse he´modynamique. Il est toutefois difficile de comparer ces
re´sultats puisque peu de litte´rature existe montrant des courbes de re´ponses he´modynamiques
en fonction du vieillissement. Nos re´sultats sont ne´anmoins similaires aux mesures de D’Es-
posito et al. (1999) en IRM chez l’humain montrant une augmentation du de´lai d’activation
avec l’aˆge, meˆme si cette augmentation n’e´tait pas significatif. Richter and Richter (2003)
montrent pour leur part un temps d’activation similaire, mais un temps de de´sactivation
(retour a` la ligne de base) plus grand pour les personnes aˆge´es.
Les re´sultats montrent aussi une modification spatiale de la re´ponse neuronale ou` l’am-
plitude de la re´ponse he´modynamique est re´duite seulement du coˆte´ du cerveau contralate´ral
a` la stimulation. Solbakk et al. (2008) observent une augmentation de l’e´tendue spatiale de
l’activation chez l’humain. Ces deux observations peuvent s’expliquer par une diminution de
la re´ponse vasculaire maximale. Par contre, Raemaekers et al. (2006) observent en imagerie
BOLD des changements du lieu d’activation en fonction de l’aˆge pour des stimulations vi-
suelles. Farkas et al. (2006) observent des changements de la densite´ de la vasculature selon
la re´gion du cerveau, ce qui pourrait expliquer les changements du lieu d’activation en fonc-
tion de l’aˆge. D’un point de vue biochimique, plusieurs e´tudes montrent que le vieillissement
affecte diffe´remment la concentration de biomarqueur dans chaque he´misphe`re du cerveau.
Ainsi, le coˆte´ dominant (habituellement le gauche) est plus affecte´ par l’Alzheimer que le coˆte´
droit) (Kristofikova et al., 2010, 2004; Toga and Thompson, 2003)
Tous ces re´sultats indiquent que, dans le cadre du vieillissement, les changements he´mo-
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dynamiques mesure´s ne refle`tent pas ne´cessairement les changements d’activite´ neuronale.
Le sujet d’e´tude utilise´, le rat LOU/C/RQRV, est connu pour eˆtre un mode`le re´ussi du
vieillissement. Par contre, cela pourrait eˆtre un de´savantage puisque les effets du vieillissement
sont moins visibles. A` cause de leur grande longe´vite´, nous avons pu effectuer des expe´riences
sur des rats beaucoup plus vieux que si nous avions utilise´ des rats Wistar re´guliers. De plus, le
poids ayant de nombreux effets ne´fastes sur la sante´, l’utilisation du rat LOU/C/RQRV a permis
d’e´tudier l’effet du vieillissement en e´liminant certains effets confondants qui peuvent eˆtre
introduits dans les mesures lorsque les animaux ont des poids (et des % adipeux) diffe´rents.
8.3 Article #2
L’aspect mode´lisation du travail a permis de donner de la substance et de faciliter l’inter-
pre´tation des re´sultats obtenus chez le rat LOU/C/RQRV. Encore une fois, le travail e´tant de
nature exploratoire, un code Matlab de traitement a e´te´ de´veloppe´. Le code est un ajout au
mode`le d’inversion non line´aire baye´sien venant avec SPM (Statistical Parametric Mapping),
un programme d’imagerie biome´dicale largement utilise´ dans la communaute´. Les principaux
ajouts ont e´te´ le de´veloppement du mode`le Boas-Huppert s’inte´grant a` SPM et des ajouts
permettant de comparer efficacement des mode`les ayant des a priori diffe´rents ainsi que
d’autres permettant de comparer des mode`les en optimisant seulement certains parame`tres.
Cette approche est essentielle dans le cas du mode`le de B-H vu le grand nombre de parame`tres
pouvant eˆtre modifie´s simultane´ment.
8.3.1 Comparaison des mode`les
La premie`re partie de validation du mode`le est tre`s importante puisque les mode`les bio-
me´caniques pre´sente´s dans la litte´rature montrent habituellement des re´sultats obtenus sur
un seul groupe de rat. Il e´tait donc important de savoir si ces mode`les pouvaient reproduire
les changements de couplage neurovasculaire a` diffe´rents stades du vieillissement. Les re´sul-
tats ont montre´ qu’avec un nombre limite´ de parame`tres, les trois mode`les permettaient de
bien reproduire nos diffe´rentes re´ponses he´modynamiques. Deux approches ont permis de
comparer les diffe´rents mode`les. L’erreur quadratique moyenne a permis de comparer la qua-
lite´ de l’ajustement (goodness of fit) de nos mode`les. De fac¸on ge´ne´rale, les re´sultats suivent
les attentes, soit qu’en augmentant le nombre de parame`tres, la qualite´ de l’ajustement est
meilleure. Toutefois, il n’y avait pas de diffe´rences significatives entre les diffe´rents mode`les
utilise´s. Ces re´sultats ne sont donc pas le signe de la validite´ des mode`les utilise´s mais plutoˆt
un signe que les mode`les posse`dent suffisamment de parame`tres pour reproduire toutes les
re´ponses he´modynamiques obtenues expe´rimentalement pour de courtes stimulations.
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Les approches se basant sur l’entropie du syste`me (log-e´vidence) ont aussi permis de
comparer les trois mode`les. Un re´sultat inte´ressant de l’e´tude est que les deux me´triques
utilise´es pour quantifier l’erreur ne donnent pas de diffe´rence significative entre les trois
mode`les compte tenu de notre niveau de bruit. Le choix du mode`le biome´canique devrait
donc plus se baser sur le type de donne´es que l’on veut extraire que sur le re´sultat de la log-
e´vidence. Les mode`les de B-F et de Z-M sont des mode`les phe´nome´nologiques permettant
de reproduire les courbes he´modynamiques. Par contre, les valeurs telles que la fraction
d’oxyge`ne extraite E0 et le temps de transit τ peuvent difficilement eˆtre rattache´es aux
proprie´te´s physiologiques du cerveau puisque les concentrations de base ne sont pas connues.
Meˆme s’il contient beaucoup de parame`tres et repose sur plusieurs hypothe`ses, le mode`le
de B-H permet d’obtenir des valeurs aux repos. Ainsi, le mode`le B-H ne permet pas d’obtenir
de diffe´rence significative dans le volume de Windkessel en fonction de l’aˆge. Ce resultat
justifie donc en partie l’hypothe`se initiale a` propos des concentrations de HbR et de HbO
similaires pour chaque groupe d’aˆge.
Vu le nombre de parame`tres disponibles, le plus grand avantage du mode`le de B-H est la
possibilite´ d’inte´grer des mesures provenant d’autres modalite´s d’imagerie (OCT par exemple)
dans un nouveau protocole expe´rimental. Il serait ainsi possible d’inse´rer des valeurs de
volume et de longueur des vaisseaux sanguins dans le mode`le pour obtenir de meilleures
simulations.
8.3.2 Validation/Pre´diction
Malgre´ des donne´es assez bruite´es, les enregistrements sur un mode`le de vieillissement
re´ussi montrent qu’il est possible d’extraire des proprie´te´s physiologiques a` partir des dif-
fe´rents mode`les biome´caniques. Les trois mode`les montrent une augmentation du temps de
transit τ avec l’aˆge, ce qui est en accord avec les re´sultats de la litte´rature (Kalaria, 1996;
Ances et al., 2009). Le mode`le de B-H montre une augmentation du temps de transit τ allant
de pair avec une diminution du DSC au repos, si bien que le volume de Windkessel n’est
pas affecte´ par l’aˆge. Ce re´sultat est en contradiction par rapport a` une d’e´tude montrant
une diminution de la densite´ vasculaire avec l’aˆge (Sonntag et al., 1997). Par contre, dans le
mode`le de B-H, le volume de Windkessel repre´sente le volume contenu dans les capillaires
et les veinules en excluant les arte`res. Jusqu’a` maintenant, il n’a pas e´te´ de´montre´ que ce
volume est affecte´ par l’aˆge (Kalaria, 1996; Riddle et al., 2003).
Les trois mode`les montrent une diminution de la compliance avec l’aˆge, ce qui est en
accord avec les mesures du parame`tre de Grubb’s du premier article.
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8.3.3 Pertinence
Les simulations effectue´es ont permis de constater que plusieurs parame`tres physiolo-
giques peuvent eˆtre de´termine´s a` l’aide de la mode´lisation de la re´ponse he´modynamique.
Ces simulations montrent toutefois que lorsque l’on tient compte du bruit physiologique,
l’identifiabilite´ des parame`tres est grandement affecte´e. Les deux nouveaux parame`tres ajou-
te´s par le mode`le de Z-M par rapport au mode`le de B-H permettent de mieux reproduire leurs
donne´es expe´rimentales (Zheng and Mayhew, 2009). Ces parame`tres, meˆme s’ils augmentent
la log-e´vidence (ou le crite`re d’Akaike dans le cas des travaux de Zheng and Mayhew (2009)),
ne permettent pas de voir de diffe´rence significative entre les deux mode`les compte tenue du
bruit de nos mesures. Par contre, cet ajout augmente la variabilite´ des autres parame`tres du
mode`le, si bien qu’il est plus difficile de d’observer des changements significatifs en fonction
de l’aˆge.
Les re´sultats obtenus peuvent maintenant servir a` d’autres e´tudes. La premie`re partie de
simulation des erreurs peut servir a` de´terminer le nombre de sujets ne´cessaires pour mesurer
des diffe´rences significatives entre deux populations d’individus. Par exemple, il semble que
meˆme avec des donne´es tre`s peu bruite´es, la mode´lisation ne permettra pas d’obtenir de bons
estime´s de la re´sistance arte´rielle au repos Ra,0.
L’e´tude du vieillissement chez le rat LOU/C devrait permettre de mieux comprendre
et interpre´ter les mesures BOLD. La figure 6.7 montre que l’augmentation du temps de
transit en fonction de l’aˆge diminue l’amplitude de la re´ponse HbR et augmente la dure´e
d’une re´ponse he´modynamique. Ainsi, la modification d’un seul parame`tre he´modynamique
pourrait expliquer des re´sultats observe´ chez l’humain comme une augmentation de la dure´e
de la re´ponse he´modynamique(Richter and Richter, 2003) ou diminution du signal BOLD
avec l’aˆge (Restom et al., 2007; Ances et al., 2009).
8.4 Article #3
8.4.1 Re´sultats de groupes
Initialement l’article #3 aurait duˆ porter sur l’e´tude de l’activite´ neuronale spontane´e au
cours du vieillissement. Toutefois, dans le but de conserver un message simple et cohe´rent,
l’article #3 s’est limite´ a` e´tudier un seul groupe de rats soit un groupe de rats Wistar. La
qualite´ des enregistrements e´lectrophysiologiques n’a pas permis d’obtenir un jeu de donne´es
suffisant pour effectuer des comparaisons de groupe. Malgre´ tout, les re´sultats obtenus per-
mettent d’apporter un certain e´clairage par rapport aux donne´es pre´sente´es pre´ce´demment.
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8.4.2 Oscillation
Les oscillations observe´es dans la re´ponse he´modynamique et associe´es aux ondes de Mayer
peuvent repre´senter une re´ponse physiologique tout en e´tant le reflet des fluctuations de l’ac-
tivite´ neuronale selon la fre´quence des ondes de Mayer. Selon la litte´rature, les oscillations de
l’activite´ neuronale suivant les ondes de Mayer s’observent principalement dans le tronc ce´re´-
bral (Julien, 2006). L’article #3 a montre´ un de´couplage entre l’activite´ neuronale spontane´e
et la re´ponse he´modynamique mesure´e, ce qui tend a` confirmer que, dans nos expe´riences,
les oscillations observe´es ne proviennent pas d’oscillations de l’activite´ ce´re´brale.
8.4.3 Contra-ipsi
Lors de la stimulation d’une patte avant, la re´ponse la plus forte se trouvait du coˆte´
contralate´ral. Par contre, les re´sultats montrent presque toujours une re´ponse he´modyna-
mique du coˆte´ ipsilate´ral. Ce qui porte a` croire a` une forte interconnectivite´ entre la patte
et le cortex sensori-moteur des deux coˆte´s du cerveau. Dans ce troisie`me article, nous avons
observe´ que la re´ponse he´modynamique (provenant d’activite´ neuronale induite ou sponta-
ne´e) corre`le mieux avec les mesures locales obtenues a` l’aide d’e´lectrophysiologie qu’avec les
mesures distales. Par contre, il y avait toujours une corre´lation entre l’activite´ neuronale et
la re´ponse he´modynamique contralate´rale, ce qui sugge`re que les deux coˆte´s du cerveau ne
sont pas inde´pendants du point de vue de la re´ponse he´modynamique.
Ces re´sultats suivent les observations d’autres e´tudes utilisant des stimulations de la
patte avant. Certaines d’entre elles montrent une re´ponse du coˆte´ ipsilate´ral en IRM-f (Pee-
ters, 2001) et a` l’aide de colorant sensible au voltage (Mohajerani et al., 2011). Par contre,
d’autres e´tudes montrent une activite´ mesure´e en IRM-f seulement du coˆte´ contralate´ral (Au-
tio et al., 2011) ou bien une diminution de la re´ponse he´modynamique dans la partie ipsi-
late´rale (Devor et al., 2007, 2008). Le couplage diffe´rent obtenu entre les deux he´misphe`res
n’est pas encore explique´ et pourrait eˆtre cause´ par des diffe´rences de manipulations entre les
diffe´rents groupes de chercheurs. Il faut donc demeurer prudent dans l’interpre´tation de ces
re´sultats qui semblent eˆtre affecte´s par des parame`tres exte´rieurs encore non identifie´s.
Dans le cadre des e´tudes du vieillissement (articles 1 et 2), nous avons observe´ une forte
re´ponse du coˆte´ ipsilate´ral. Avec l’aˆge, l’amplitude de la re´ponse diminuait plus rapidement
du coˆte´ contralate´ral que du coˆte´ ipsilate´ral. Une hypothe`se pose´e e´tait un changement local
du couplage neurovasculaire. L’e´tude de l’activite´ neuronale spontane´e pourrait permettre de
de´terminer le couplage entre les deux coˆte´s du cerveau pour ainsi de´terminer si les change-
ments de re´ponse he´modynamique observe´s sont produits par des changements neuronaux
ou neurovasculaires.
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Cependant, le bruit e´leve´ des mesures effectue´es lors d’activite´ neuronale spontane´e sug-
ge`re de refaire des expe´riences en mesurant l’activite´ neuronale des deux coˆte´s du cerveau
pour de´terminer pre´cisement si les diffe´rences entre les deux he´misphe`res sont de nature
neuronale ou neurovasculaire.
8.4.4 Caracte´risation de l’erreur
Lors des e´tudes de la re´ponse he´modynamique en continu on observe par moment un fort
de´couplage entre les changements de de´bit, de HbR et de HbT. Ces re´sultats ne sont e´videm-
ment pas disponibles lorsque l’on effectue des mesures moyenne´es. Par contre, l’algorithme
SCKS suit la re´ponse he´modynamique a` chaque instant, ce qui permet de de´terminer les
intervales repre´sentant une forte activite´ neuronale, mais permet aussi de de´terminer lorsque
la re´ponse he´modynamique ne suit pas un comportement re´gulier.
Cela pourrait indiquer que le cerveau est dans un e´tat instable et pourrait eˆtre e´tudier
dans des maladies telle l’e´pilepsie dans le but de de´tecter des crises. Dans le cadre du vieillis-
sement, on sait que les personnes aˆge´es ont une plus faible variabilite´ du rythme cardiaque
au repos. D’Esposito et al. (2003) observe une plus grande variabilite´ et plus de bruit dans le
re´ponse he´modynamique. Dans le premier article la variabilite´ ne semble pas eˆtre diffe´rente
entre les groupes d’aˆges diffe´rents. Toutefois, les donne´es ont e´te´ obtenues sur des donne´es
moyenne´es. Au lieu d’utiliser l’outil SCKS pour retrouver l’activite´ neuronale au repos, cet
outil pourrait eˆtre utilise´ pour e´tudier le couplage entre les diffe´rents parame`tres de la re´ponse
he´modynamique.
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CHAPITRE 9
CONCLUSION ET RECOMMENDATIONS
9.1 Synthe`se des travaux
Les travaux effectue´s au cours de cette the`se ont permis de concevoir un montage d’ima-
gerie optique intrinse`que permettant d’enregistrer simultane´ment les changements de concen-
tration d’he´moglobine et les changements de de´bit sanguins. Le montage a ensuite e´te´ utilise´
afin de suivre les changements de la re´ponse he´modynamique au cours du vieillissement.
Les travaux ont permis de constater que du point de vue de la re´ponse he´modynamique,
le vieillissement diminue l’amplitude en plus d’augmenter le temps d’activation de la re´ponse
he´modynamique. Le vieillissement semble aussi affecter la syme´trie ou` la re´ponse du coˆte´
contralate´ral diminue plus rapidement que du coˆte´ ipsilate´ral a` la stimulation.
Les travaux ont aussi permis de de´velopper et d”´etudier diffe´rents mode`les biome´caniques
de la re´ponse he´modynamique. Le choix du mode`le est un compromis entre la complexite´
(nombre de parame`tres) et la pre´cision que l’on veut obtenir sur les parame`tres. Ces mode`les
ont ainsi permis d’extraire des proprie´te´s neurovasculaires et de constater que parmi celles-ci,
la compliance (parame`tre de Grubb) et le temps de transit sont modifie´s significativement
par l’aˆge. Ces re´sultats devraient permettre une meilleure mode´lisation de la re´ponse he´mo-
dynamique dans le cadre du vieillissement et ainsi permettre de mieux de´finir les expe´riences
qui seront effectue´es ulte´rieurement.
Finalement l’algorithme SCKS base´ sur un filtre de Kalman a e´te´ utilise´ pour simuler le
couplage neurovasculaire en continu et non sur des donne´es moyenne´es. Bien que l’algorithme
performe bien pour retrouver l’activite´ neuronale stimule´e, celui-ci performe moins bien pour
ce qui est de l’activite´ neuronale spontane´e. De plus, il semble que, dans le cas des signaux
spontane´s, il y ait une forte de´corre´lation entre les signaux e´lectrophysiologiques et l’acti-
vite´ reconstruite indiquant qu’il faut faire tre`s attention lorsque l’on e´tudie les signaux hors
stimulation.
9.2 Limites de la solution propose´e
Plusieurs limitations viennent compromettre l’interpre´tation des re´sultats obtenus et ce,
a` trois niveaux principaux : technique, physiologique et mode´lisation.
D’un point de vue technique, la stabilite´ de l’appareillage ne semblait pas eˆtre un pro-
ble`me. Par contre, le plus gros proble`me rencontre´ est du point de vue de la profondeur de
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pe´ne´tration. Premie`rement, les diffe´rentes longueurs d’onde n’explorent pas les meˆmes re´-
gions du cerveau. Une correction de “path length factor” permet de corriger une partie de ce
proble`me. Cependant, cette correction est seulement valable si on se trouve dans un milieu
homoge`ne. Ainsi, si la re´ponse he´modynamique se de´roule en profondeur, seules les grandes
longueurs d’onde de´tecteront ces changements, ce qui viendra fausser l’analyse des donne´es.
Un deuxie`me proble`me vient du parcours de la lumie`re avant de rejoindre le cortex. Selon
les expe´riences, il arrive que l’os soit plus ou moins opaque. De plus, il est possible que du
sang se retrouve entre le cortex et l’os. Il est aussi possible que les proprie´te´s optiques du
cortex changent selon les individus. Si ces changements e´taient mesurables, il serait possible
d’inclure ces valeurs dans nos calculs pour corriger nos mesures d’he´moglobine. Comme ces
mesures n’ont pas e´te´ faites, nous devons faire l’hypothe`se que ces valeurs sont e´quivalentes
d’un individu a` l’autre.
On suppose aussi que le tissu est uniforme. Par contre, les images anatomiques montrent
qu’il y a beaucoup de vaisseaux sanguins dans la re´gion image´e. Nous avons choisi de ne pas
se´lectionner une RI contenant des vaisseaux sanguins, toutefois ceux en profondeur n’ont pas
pu eˆtre enleve´s.
Du point de vue de la mode´lisation, nous avons introduit un facteur multiplicatif dans
les calculs. Celui-ci a e´te´ inte´gre´ a` tous les syste`mes de mode´lisation et a permis de faire
l’hypothe`se que nous avions une plus faible concentration de sang oxyge´ne´ et de´soxyge´ne´
dans le cortex. Ce facteur n’est pas rigoureux d’un point de vue scientifique mais il a permis
d’avoir des donne´es de mode´lisation qui concordent avec nos donne´es expe´rimentales. Des
e´tudes avec un autre syste`me d’imagerie seront ne´cessaires pour de´terminer la validite´ de ce
facteur.
Comme il a e´te´ mentionne´, certains animaux ne produisait aucune re´ponse he´modyna-
mique, tandis que d’autre avait des ratio HbO/HbR tre`s diffe´rents des autres animaux d’un
meˆme groupe. Ces re´sultats n’ont pas e´te´ inclus dans les statistiques, mais ces proble`mes
indiquent que le enregistrements he´modynamiques ne sont pas totalement maitrˆıse´s ce qui
complique l’analyse des re´sultats en augmentant la variabilite´ a` l’inte´rieur d’un groupe.
9.3 Ame´liorations futures
De nombreuses ame´liorations sont envisageables pour optimiser les enregistrements ef-
fectue´s en IOI. Comme il a e´te´ mentionne´ pre´ce´demment, pour avoir plus de chance que
les animaux soient dans un meˆme e´tat physiologique, il serait ne´cessaire d’avoir un appareil
d’oxyme´trie performant pour s’assurer de l’oxyge´nation du rat pendant toute l’expe´rience et
ainsi palier tout changement du degre´ d’anesthe´sie de l’animal.
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Les autres ame´liorations envisageables pour le montage permettraient de mieux calibrer
nos mesures he´modynamiques. La technique d’IOI ne permet pas de retrouver les concentra-
tions et le DSC au repos et il y a de fortes chances que ces parame`tres changent au cours du
vieillissement. D’ici un court laps de temps, il sera possible d’effectuer des mesures de DSC
a` l’aide du montage d’OCT, d’obtenir des valeurs de de´bit sanguin absolue et des cartes 3D
de la vasculature. Ces mesures devraient permettre de mieux calibrer nos enregistrements et
le temps d’acquisition semble assez rapide pour ne pas trop complexifier les expe´riences.
Les outils de´veloppe´s dans Matlab au cours du doctorat sont surtout des outils explo-
ratoires puisque qu’il e´tait difficile de de´terminer quel serait l’effet du vieillissement sur la
re´ponse he´modynamique. Les prochaines expe´riences devront suivre une proce´dure plus sys-
te´matique ou` l’expe´rience est conc¸ue pour re´pondre a` une hypothe`se scientifique bien de´finie.
De cette fac¸on, il sera possible de de´terminer a` l’avance le traitement mathe´matique a` appli-
quer sur nos donne´es et d’utiliser des outils statistiques plus performants et standardise´s, en
l’occurence SPM.
Les mesures de consommation d’oxyge`ne obtenues supposent l’inte´gration de trois moda-
lite´s d’imagerie simultane´es. Les mesures locales de la consommation d’oxyge`ne permettrait
de mieux connaˆıtre les proprie´te´s au repos de l’animal et d’ame´liorer la mode´lisation.
9.3.1 Expe´rience future
Les expe´riences effectue´es au cours du doctorat ont permis d’observer les changements de
la re´ponse he´modynamique de meˆme que les changements de parame`tres he´modynamiques
(temps de transit et compliance) au cours du vieillissement.
Pour donner plus de puissance aux re´sultats obtenus dans le cadre du vieillissement, il
serait inte´ressant d’enregistrer la re´ponse he´modynamique de mode`les d’animaux ou` certains
de ces parame`tres ont e´te´ modifie´s. La ligature temporaire d’une arte`re, l’ajout de substance
vasodilatatrice, un changement de concentration de CO2 ou une augmentation de l’activite´
neuronale au repos permettrait d’effectuer des mesures chez un meˆme animal mais dans deux
e´tats neurovasculaires diffe´rents (diffe´rence de diame`tre des vaisseaux ou du CMRO2). Le
fait d’enregistrer dans un meˆme animal dans deux e´tats diffe´rents permettrait d’e´liminer une
grande partie de la variabilite´ inter animaux et permettrait de valider plus facilement les
mode`les mathe´matiques.
Pour ce qui est de l’e´tude du vieillissement a` l’aide de l’imagerie optique, nos travaux
ont montre´ des changements de la re´ponse he´modynamique avec l’aˆge. Pour eˆtre en mesure
de mieux comprendre les changements dans le couplage neurovasculaire et pouvoir mieux
expliquer les diffe´rences observe´es dans cette e´tude, il serait inte´ressant de reproduire les
meˆmes mesures de de´bit sanguin, mais en ayant aussi des mesures de de´bit sanguin au repos,
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de l’enregistrement e´lectrophysiologique, des cartes d’activite´ neuronale a` l’aide de colorant
sensible aux voltages et une mesure de la ge´ome´trie 3D de la vasculature. Toutes ces me´thodes
seront bientoˆt disponible au laboratoire et permettront de faire des enregistrements complets
e´liminant beaucoup de l’incertitude de nos mesures.
Le nombreux enregistrements ont e´te´ effectue´s sur des rats avec ou sans restriction calo-
rique. Ces re´sultats ont e´te´ tre`s difficiles a` analyser a` cause de la tre`s grande diffe´rence de
masse et de pourcentage adipeux rendant le controˆle de l’anesthe´sie difficile. Le meˆme phe´-
nome`ne se produit dans le cadre du vieillissement, le poids et l’e´tat du rat change beaucoup
avec l’aˆge. Il serait possible d’e´tudier le couplage neurovasculaire sur de mode`les ou` le dia-
be`te ou l’Alzheimer ont e´te´ induit chimiquement, ce qui permettrait de mesurer le couplage
neurovasculaire sur des animaux similaires.
Un des grand proble`me e´tant la variabilite´ entre les individus, il serait inte´ressant et peut
eˆtre plus facile d’e´tudier le couplage neurovasculaire durant le vieillissement chez les souris.
Puisque les souris vieillissent plus rapidement et que la chirurgie est beaucoup moins invasive,
il serait possible d’imager les meˆmes souris a` plusieurs stade de vieillissement ce qui re´duirait
la variabilite´ des re´sultats. L’autre option serait de de´velopper une technique de chirurgie
permettant de mettre une feneˆtre d’observation fixe et transparente sur le craˆne du rat. Il
serait ainsi possible d’imager le meˆme rat a` plusieurs jours d’intervalle.
Du point de vue de la mode´lisation, les mode`les utilise´s pourront rapidement eˆtre teste´s
sur d’autres mode`les animaux et aussi chez l’humain.
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